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The death of professor H. U. Sverprup has very last, he died suddenly on the 21st of 
removed from the ranks of geophysicists one August 1957, not yet 69 years old. His death 
of the leading personalities within oceanog- means a serious loss to geophysical research 
raphy and meteorology. Fully active to the in Norway as well as abroad. 
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HARALD ULRIK SVERDRUP was born on the 
15th of November 1888 at Sogndal in Western 
Norway. A student from 1906 he enter- 
ed the Academy of War for one year and 
finished his university studies as cand. real. in 
1914. He had then been the assistant of VILHELM 
BJERKNES 1911—12 and continued in the same 
capacity at Leipzig 1913—17. During these 
early years he published a number of papers, 
mainly on meteorological problems, but also, 
together with Tu. HESsELBERG, the “Beitrag 
zur Berechnung der Druck- und Massenver- 
teilung im Meere”, a paper widely used until 
recent years. His doctoral dissertation “Der 
Nordatlantische Passat” finished this period of 
his life, when in 1917 he took charge of the 
scientific work on the ROAL AMUNDSEN’s 
North Polar Expedition with the “Maud” 
1977 2% 

The years of theoretical training in an in- 
spiring group were now followed by a period 
of concentrated practical activity onboard the 
drifting Arctic observatory. It is amazing how 
this small group could carry through the com- 
prehensive programme, under conditions of 
great physical and mental strain. SVERDRUP 
seems to have been in his proper element; 
remote from the distracting civilization his 
scientific mind ripened in the company of the 
eminent colleagues represented in the limited 
library of the “Maud”. Together with Opp 
Dax he improved and invented recording 
instruments; and for the study of the Chukchi 
natives of northeastern Siberia, he spent more 
than half a year ashore, sharing their primitive 
nomadic life. In 1922 and in 1926, for studies 
of the magnetic observations from the expedi- 
tion, he visited the Carnegie Institution of 
Washington, and then returned to his country. 

As professor of meteorology at the Geo- 
physical Institute, Bergen Museum, from 1926 
to 1931, and as a member of the Chr. Michel- 
sen Institute, Bergen, from 1931 to 1936, he 
devoted his energy and ability first of all to 
the treatment of the data from the “Maud”. 
In 1933 he had finished his two-thirds of the 
more than 2,000 pages of results. He dealt with 
magnetism, atmospheric electricity and aurora 
borealis, with tides and their theory, with 
currents and water masses, with all the aspects 
of polar meteorology with which the observa- 
tions were concerned, with the sea-ice and 
its wind-drift as well as with marine geology, 


gravity, astronomical observations and even 
zoology. During this period he demonstrated 
an extraordinary ability to get the innumerable 
data “out of hand”, as he used to express it. 
He also took up problems of the Pacific Ocean 
in connection with the seventh cruise of the 
“Carnegie”, Antarctic problems in connection 
with the “Discovery” data, the wind-drift of 
the ice in the Weddell Sea, and the recaptured 
data from the tragic Arctic balloon flight of 
ANDRÉE in 1897. In 1931 he participated in the 
Arctic submarine expedition in the “Nautilus” 
and in 1934 together with H. W:son AHLMANN 
studied the energy exchange on a glacier in 
Spitsbergen. Articles for the intelligent layman 
and two popular books from his expeditions 
brought the number of his publications up to 
nearly a hundred. 

In 1936 SvERDRUP accepted, for a limited 
period, the directorship of the Scripps Institu- 
tion of Oceanography of the University of 
California; this period was stretched out over 
12 years. The glaciological-meteorological ex- 
pedition to Spitsbergen had directed his interest 
toward the turbulent processes in the lower 
layer of the atmosphere, and in La Jolla similar 
studies of the interaction between the sea- 
surface and the air were continued. Californian 
expeditions again brought him into the study 
of Pacific problems. After the outbreak of the 
war he devoted much time to problems in 
underwater sound, current charts and predic- 
tion of sea and swell. The activities of the La 
Jolla institute stimulated his interest for bio- 
logical problems and, especially, the problems 
common to marine biologists and physical 
oceanographers. For years he had compiled 
material for a textbook in oceanography; in 
1942 appeared the first edition of the com- 
prehensive hand-book “The Oceans, their 
Physics, Chemistry and General Biology”, the 
result of a collaboration with Martin W. 
JOHNSON and RicHARD H. FLEMING. This work 
does not only reflect his remarkable memory 
and his vast knowledge of the problems of the 
sea, but also his mastership in combining knowl- 
edge and interpreting data. Parts of the book 
were used for a separate publication, the 
“Oceanography for Meteorologists’”. 

In 1948 SvERDRUP returned to Norway to 
assume the directorship of the Norwegian 
Polar Institute, Oslo, and in 1949 he was also 
appointed professor of geophysics at the Uni- 


versity of Oslo. He was the head of the Nor- 


wegian-British-Swedish Antarctic Expedition - 


1949—52 and of the Norwegian Antarctic 
Expedition in the Geophysical Year. He lectur- 
ed regularly at the University, with skill and 
- enthusiasm. The differences between American 
and Norwegian academic instruction inspired 
him to propose a radical change of the teaching 
scheme; this proposal is still under considera- 
tion. As a Dean of the Faculty of Sciences he 
had a great influence in many questions of 
University policy. 

For many years he had taken part in the 
activities of international scientific bodies, as 
president of the International Association of 
Physical Oceanography, vice-president of the 
American Geophysical Union, president of the 
International Commission on Polar Meteoro- 
logy and others. His interest for several aspects 
of the marine sciences made him an active and 
welcome participant on the meetings of the 
International Council for the Exploration of 


431 


the Sea; on his death he was the president of 
this organization. 

Of later years his interests went still wider, 
beyond the scope of scientific investigations 
as such. He was the active leader of the Ameri- 
can Summer School at the University of Oslo 
and president of the Norwegian project of aid 
to underdeveloped countries. 

For his scientific work Sverprup had re- 
ceived a dozen of distinguished medals as well 
as honorary degrees and other signs of high 
appreciation. But his only satisfaction: the 
successful accomplishment of every task he 
had taken on, could not be granted him in full, 
as he was torn away while still in full activity. 
His death will be strongly. felt in many active 
groups and in different fields; for many years 
to come will he be missed and remembered 
by his family and by his numerous friends in 
several countries. But the results of his life’s 
work, as documented in his 200 publications, 


will never be forgotten. 
H. Mosby. 


On the General Circulation over Eastern Asia (1) 


Staff Members of the Section of Synoptic and Dynamic Meteorology, Institute of Geophysics and 
Meteorology, Academia Sinica, Peking 


(Manuscript received June 5, 1957) 


Abstract 


A summary of synoptic and aerological studies of the circulation over the Far East is 
given. The mean field of motion in the lower troposphere is considered. Mean cross sec- 
tions for winter and summer and for different latitudes are discussed. The last section 
contains a discussion of the seasonal variation of the circulation over the Far East. 


During the last few years the aerological pibal stations increased to more than 150 and 
network in new China has had a very rapid the number of these stations is still increasing. 
development. The sounding stations increased This rapid development enabled us to make 
from a few stations to more than 60, the comparatively detailed studies on the general 
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Fig. 1. Mean January 500-mb chart, in geopotential decameters. | 
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Fig. 2a. Mean July soo-mb chart, in geopotential decameters. 


circulation over Eastern Asia. Owing to the 
large increase in aerological observations we 
discovered many interesting phenomena. Since 
most of the papers concerning these studies 
were published in Chinese which is unfamiliar 
to our foreign colleagues we would like now 
to summarize our past investigations in English. 

The following are the main participants in 
this study: Chang! Cheng-yü; Chao Jih-ping; 
Chen Lung-shun; Chu Pao-chen; Dao? Shih- 
yen; Kuei Pei-lan; Jü Chang; Kao! Yu-hsi; 
Koo? Chen-chao; Liu Kwang-nan; Lo Szu- 
wei; Pan Jün-fang; Wu Hung-shun; Yang 
Chien-chu; Yeh? Tu-cheng. 

Besides our group other Chinese meteorol- 
ogists also have done important researches 
on the general circulation over the Far East. 

1 Not in our section at present. 

2 Major Contributors to this study. 
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Some of them will be mentioned in the proper 
place in this report. 

Before starting the main part of this report 
we should acknowledge the assistance to us of 
the Chinese Central Weather Bureau with 
which we have been in close cooperation. 


I. Synoptic and aerological study 
1. Mean field of motion 


Eastern Asia is a region of pronounced 
monsoon climate. Thus there is a pronounced 
difference in structure of the basic current in 
winter and summer. In winter there prevails 
the winter monsoon in low levels, but in 
upper levels the whole continent is dominated 
by the westerlies. In summer the northward 
retreat of the planetary wind belt is more 
pronounced over Asia than over any other 


Fig. 2 b. Mean July circulation at 6 km over Far East. 
The wind vectors in China are means of the period 
1950—55, and for India and Indochina, 1953—55. Thin 
dashed line represents the contour of 4,000 meters of the 
plateau, heavy dashed-dotted line represents diffluent 
axis. In this and following drawings A stands for anti- 
cyclonic circulation, and C for cyclonic circulation, 
heavy lines for trough lines in the westerlies. 


region of the world. In this season the basic 
current appears more complicated than in 
winter. 


a) Flow pattern in lower troposphere 


Fig. ı and fig. 2a are respectively the 5-year 
(195I—1956) mean soo mb charts for January 
and July. These charts are drawn with all the 
available new material over China. The main 
features of these charts are similar to those 
previously published (Pocosıan, 1947, SCHER- 
HAG, 1948, U.S. WEATHER BUREAU, 1952). But 
in details there are many differences between 
ours and others. The major trough off the 
Asiatic east coast is more to the west in fig. 1 
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Fig. 4. Mean July circulation at 1.5 km over Far East. 
Thick dashed lines represent convergence zones, dotted 
line convergence zone not clear. 


than U.S. Weather Bureau mean January 
chart. The ridge over Central Siberia and 
North China in our chart is stronger than 
Scherhag’s and U.S. Weather Bureau’s, but 
weaker than Pogosian’s. In our July mean 
(fig. 2a) there is between 25° N and 30° N a 
pronounced. subtropical ridge belt which is 
not clear in all other July means. The minor 
trough along 110° E and that from the White 
Sea to the Black Sea are also clearer in our 
chart than in others’. Over the Tibetan Plateau 
there exists a huge closed anticyclone. However, 
owing to the scarcity of soundings over the 
Plateau this anticyclone is not clearly indicated. 
But according to the mean summer stream line 
chart (fig. 2b) of 195456 the existence of 
this huge anticyclone is beyond any doubt. 
Its center on 500 mb is situated over the SE 
corner of the Plateau and its axis slopes west- 
ward. 

To give the detailed situation of the basic 
current in the lower troposphere over the Far 
East in winter we have prepared fig. 3, the 
mean 3 km stream line pattern of 1950—55. 


Fig. 3. Mean January circulation at 3 km over Far East. 


Fig. 5. Mean July circulation at 3 km over Far East. 
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Fig. 6a. Mean zonal geostrophic wind (full lines) and temperature (dashed lines) along 76° E, for January— 
March, 1956. The figures along the base line are the station numbers, wind speed in mps. 


We shall mention only one feature of this 
figure, i.e., the shear line to the east of the 
Tibetan Plateau. This shear line is most pro- 
nounced on 2.5 km level and decreases very 
rapidly upward. On soo mb (fig. 1) only a 
confluent zone is left. Because of this confluent 
zone which extends as far as Japan the cyclones 
to the south of 40°N over China seldom 
develop. 

The detailed situation of basic current in the 
lower troposphere in summer may be shown 
by the mean 1.5 km stream line (fig. 4) and 
mean 3,0 km stream line chart (fig. 5). From 
these figures we may see a convergence zone 
extending from the Arabic Sea to North 
India. This is a part of the intertropical con- 
vergence zone. It separates the SW monsoon 
to the south and the easterlies to the north. 
This convergence zone becomes indistinct 
over Burma and Indochina. Over the Yellow 
River valley there is another confluent zone 
which is near to the mean polar front position 
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over the continent in summer. Besides, ex- 
tending from Taiwan through the Philippines 
to the SW Pacific there is a third convergence 
line which separates SW monsoon and SE 
monsoon from the Pacific. Over the above 
mentioned SW monsoon on the continent 
are the general easterlies which may be seen 
from the 500 mb chart (fig. 2 a). 


b) Mean winter cross sections 


Fig. 6a—6d are the mean cross sections of 
January to March, 1956, along 76°E, 90°E, 
105°E and 120°E respectively. Fig. 6a repre- 
sents the condition at the west border of the 
Tibetan Plateau. The main features of this 
cross section is the existence of two maximum 
westerlies, one to the south and the other to 
the north of the Plateau. The southern branch 
is situated near 27.5° N and above 200 mb with 
an intensity of about 50 m/s. The position and 
intensity of this jet obtained here are in good 
agreement with those obtained by KoTEswA- 
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Fig. 6b. Mean zonal actual wind along 90° E, for January—March, 1956. 
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Fig. 6c. Mean zonal geostrophic wind and temperature along 105° E, for January—March, 1956. 


RAM, etc. (1953). The equatorial jet found by 
CHAUDHURY (1950) does not exist in our cross 
section. As the data above 300 mb to the north 
of Pamir is not available the position of the 
northern jet is not clearly defined in this cross 
section. However, from the available material 
its existence is of little doubt and its latitude 
may be located near 43° N. Compared to 
the northern one the southern jet is stronger. 
Corresponding to these two jets there are two 
belts of large baroclinity, between which the 
temperature gradient is quite small. 

The cross section right across the Tibetan 
Plateau (along 90°E, fig. 6b) was constructed 
from the actual winds. From this figure we 
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see that close to the southern boundary ofthe 
Plateau there is a jet near 200 mb. Due to the 
fact that the number of wind observations 
decreases upward, the intensity of the jet should 
not be taken too literally. It is also seen in this 
figure that the axis of this jet is almost vertical 
from 800 mb upward. Near the axis the 
vertical wind shear is large. At Gauhati 
(26°rt N, 91°45 E) the shear reach 
mps/km between 700 and soo mb, correspond- 
ing to a temperature gradient of 1.3° C/100 km. 
At Lhasa (29°43’N, 91°02’ E) the shear 
between 400 and 300 mb is 7.5 mps/km, corre- 


sponding to a temperature gradient of 


1.4°C/100 km; which is a fairly large value in 
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Fig. 6d. Mean zonal geostrophic wind and temperature along 120° E for January—March, 1956. 
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Fig. 7. Mean vertical cross section of temperature along latitude 39° N, January—March, 1956. 


low latitudes. The vertical wind shear to the 
north of the Plateau is rather small, so must 
also be the temperature gradient. 

The cross section along 10$°E (fig. 6c) may 
represent the structure of wind and temperature 
field of the east border of the Plateau. There 
are also two belts of large baroclinity, cor- 
responding to two jet streams. The southern 
one, situated near 28°N and 200 mb, has an 
intensity of about 62 mps which is more than 
10 mps stronger than that upstream at 76° E. 
The northern jet near 42°N and 250 mb has 
an intensity of about 43 mps. Between these 
two jets the westerlies are weak and broad; 
over Szechwan basin even east wind appears. 

Fig. 6d (along 120°E) shows the structure 
of the wind and temperature field along the 
east coast of Asia. Between 25°N and 45°N is 
a belt of very strong baroclinity. Take 400 mb 
as an illustrating example, the temperature 
contrast in the latitude belts between 25° and 
35°N reaches 17°C. This temperature contrast 
is evidently larger than the corresponding one 
along 76° E and 105° E. This strong meridional 
temperature contrast is the result of the gradual 
confluence of the two jets, one to the south 
and the other to the north of Tibet. 

Along 120° E the existence of two maximum 
westerlies is still evident. The southern one 
which is situated near 30° N and 180 mb has a 
central velocity 71 mps, about 10 mps higher 
than that along 105°E. The position of this jet 
in 1956 is very near to that found in 1946 by 
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YEH (1950). The northern one which situates 
near 37°N and 200 mb has a central velocity 
about 60 mps, almost 15 mps higher than the 
corresponding upstream one along 105°E. 

It is interesting to compare the cross section 
along 120°E with that along 80° W by Hess 
(1948). Firstly along the Asiatic coast two jets 
are evident while along the American east 
coast there is only one. The latitude of the 
southern jet at 120° E is about 5° latitude more 
to the south than that of the American one. 
Further the central velocity of our southern 
jet is about 20 mps higher, thus in our cross 
section there is a much stronger baroclinity. 
On 400 mb the maximum temperature con- 
trast between 15° and 35°N along 120°E is 
about 17°C which is about 5°C larger than 
the corresponding contrast along 80° W. The 
central axis of the jet along 80° W is nearly 
vertical, while that of ours slopes northward. 
However, our northern jet is more to the north 
and has a weaker intensity than that off the 
American east coast. 

The cross sections further to the east of 
120°E will not be presented here (because it 
is more or less familiar to our foreign col- 
leagues). They have been studied by Chinese 
meteorologists, notably by HsiEH and CHEN 
(1951) and Cuyou (1956) and by Japanese 
meteorologists, MoHRI (1955) and others. 

Fig. 7 is a west to cast cross section along 
39°N. From this figure we see that below 
300 mb the temperature is higher to the west 
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Fig. 8a. Mean zonal geostrophic wind and temperature along 76° E, for July—August, 1956. 


than to the east of the Plateau. On 850 mb 
the temperature at 60° E is about 12°C higher 
than at 120°E. The temperature difference 
between these two longitudes at 500 mb is 
about 3°C. Above 300 mb the temperature 
becomes almost uniform. It is also interesting 
to observe from this figure that the region of 
maximum. west to east temperature gradient 
is not near the coast but just to the east of the 
Plateau. We may also find in this figure the 
existence of a temperature trough between 
110° and 115° E in the lower half of the tropo- 
sphere. This temperature trough is related to 
the presence of the Plateau. 

To summarize the structure of the upper 
circulation over Eastern Asia in winter we may 
give the following points. 

(i) There exist two jets, one to the north 
and the other to the south of the Plateau. 
Both of them are accelerated downstream. And 
they join into one off the coast. 

(ii) Over Eastern Asia the main baroclinity 
is concentrated near the Plateau. 
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(iii) There is a thermal trough between 
710 and 115.5, 

(c) Mean summer cross sections 

The summer situation is very different from 
that of the winter. Figs. 8 a—e are the cross 
sections respectively along 76° E, 90° E, 105° E, 
120° E and 140° E. The cross section along 90° E 
(fig. 8b) and south of 20°N along 120° E was 
constructed from actual wind data. The rest 
were made from geostrophic computations 
which were, however, checked by rawin data. 
The cross section along 76°E (fig. 8a) is 
representative for the condition when the 
Indian summer monsoon is at its highly 
developed stage. The thickness of the SW 
monsoon reaches 400 mb at 15°N and reaches 
the ground near 27°N which may be de- 
fined as its northernmost boundary. The SW 
monsoon is overlaid by easterlies. At the 
southern margin of Himalayas upper easterlies 
extend downward to the surface. The intensity 
of the easterlies increases southward so that 
there would be an easterly jet aloft near 10° N. 
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8b. Mean zonal actual wind along 90° E for July— August, 1956. 
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Fig. 8c. Mean zonal geostrophic wind and temperature along 105° E for July—August, 1956. 


Between the easterlies and the SW monsoon 
to the south there is a line of convergence. 
Corresponding to this kind of vertical wind 
structure the temperature decreases southward. 
This reversed temperature gradient is still very 
marked at 200 mb which is the top of our 
cross section. 

Over Tibet there appears a dividing line 
separating the easterlies from the westerlies 
further to the north; this line corresponds to 
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the difluent axis in fig. 4 and fig. 5. In the 
westerlies there is a jet with a central velocity 
near to 42 mps. 

The wind field along 90° E (fig. 8 b) is similar 
to that along 76°E (fig. 8 a). But in the Tarim 
Basin of Sinkiang there is a shallow easterly 
current below the general westerlies. 

The wind field along 105°E (fig. 8c) still 
possesses some of the characteristics of those 
along 76°E and 90°E. South of 27°N above 
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Fig. 8d. Mean zonal wind (north of latitude 30° N geostrophic, south of 30° N actual) and temperature along 
120° E for July—August, 1956. 
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Fig. 8e. Mean zonal actual wind along 140° E for July—August, 1956. 


the SW monsoon are still the upper easterlies 
in which there may be an easterly jetnear 15° N. 
Near 40° N there is a westerly jet with a central 
velocity of about 27 mps which is much 
weaker than the upstream one. This phenom- 
enon is Opposite to the winter case mentioned 
above. 

Along 120°E (fig. 8 d) the cross section has 
a considerable difference from the three up- 
stream cross sections. Here the SW monsoon 
is very indistinct. Over 28° N there is a vertical 
line separating the easterlies and westerlies. 
In the westerlies there is a jet, the position and 
velocity of which is almost the same as that 
along 105° E. In the easterlies there is an easterly 
jet over the Philippines. Comparing this cross 
section with Hess’ (1948) summer case we 
find that the northward extension of the easter- 
lies as well as the strength of the westerlies 
along the two coasts are similar, only the jet 
position along the Asiatic coast is a little to the 
south. 

Fig. 8 e shows the cross section along 140° E. 
In this cross section the main features are the 
same as in the cross section along 120° E. 

The temperature field is closely related to 
the wind field. Baroclinity is concentrated in 
the region of large vertical wind shear, i.e. 
below the jet stream. In the belt 28—30°N 
there is a thermal ridge in the troposphere. 
This thermal ridge separates the easterlies and 
westerlies. 

From the above discussion we may conclude 
that the three-dimensional wind field over 
Eastern Asia in summer consists of three basic 
currents: (1) the westerlies with a jet between 
40° and 45°N, (2) the low latitude easterlies 


with an easterly jet between 10° and 15° N and 
(3) the SW monsoon below the upper easterlies. 


2. The seasonal variation 


The seasonal variation of the general cir- 
culation over Asia is very distinct and fairly 
abrupt. We shall start the discussion with the 
monthly change of the total mass of the 
atmosphere over Asia and then discuss the 
process of the seasonal variation of the general 
circulation. 


a) The inter-monthly variation of the total 
mass of the atmosphere over Asia 


From January to July air is transported from 
the northern to the southern hemisphere. On 
the average the total transport in this half 
year is 10.3 x 1018 gm. From July to January 
the same amount of air comes back to northern 
hemisphere. This inter-hemispherical trans- 
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Fig. 9. Mean intermonthly variation of total mass of 
air over different regions of northern hemisphere, unit 
1018 ems, ASIA === Europe Pacific; 
— — — America; — . — . — . Northern hemi- 
sphere; Atlantic 
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Fig. 10a. Mean monthly interdiurnal variability of 
pressure at selected stations in China (1934). 


port is in the main determined by the variation 
of the total amount of air over Asia. Fig. 9 
shows the ro-year (1930—39) average monthly 
change of the mass of air over different parts 
of northern hemisphere. From this figure we 
see that the monthly change of total air over 
northern hemisphere has the same sign and 
order of magnitude as that over Asia. Of the 
regions shown in the figure Asia has the largest 
monthly variation, almost triple the variation 
over other parts. The sum of the variations 
over Asia and Europe almost equals the total 
change of the whole hemisphere. Thus we see 
the important role of Asia in the mass balance 
of the northern hemisphere. 
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Fig. 10b. Mean monthly interdiurnal variability of 
pressure at Sian and Lanchow in the period 1944—48. 


b) Seasonal change of circulation 


According to a recent study based on the 
material of five years (1951—55) we find that 
the seasonal variation of the circulation over 
East Asia is closely related to the advance and 
retreat of the westerly jet stream. The average 
position and intensity of the westerly jet may 
be used as a good index in determining the 
natural synoptic season over East Asia. How- 
ever, it should be noted that the jet over Japan 
and that to the south of Tibetan Plateau do not 
form or retreat at the same time. Therefore, 
from this point of view the division and varia- 
tion of natural seasons over Eastern Asia is 
not so simple as the four seasons of the 
calendar. 


(i) From winter to spring. 

It is known that the circulation index over 
the northern hemisphere is lowest in February 
(Namias, 1950). In this month blocking process 
is frequent. At the end of the blocking process 
the circulation index rises. At this time the 
westerlies over Eastern Asia starts to retreat 
northward and the intensity of the jet of the 
south of the Tibetan Plateau weakens suddenly 
while the northern branch of westerlies (north 
of the Plateau) strengthens. With this change 
the number of disturbances in the northern 
branch increases considerably. This reflects 
that in China (except over the Plateau) the 
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Fig. 11. s-day mean zonal wind along 
90° E for the period from May Is to 
June 10, 1956. Note the sudden north- 
ward shift of the planetary wind sy- 
stems in the beginning of June. 
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Fig. 12 a. Mean surface chart of the 15 days from August 27 to September 10, 1955. 
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Fig. 12 b. Mean surface chart of the 15 days, September 11—25, 1935. 


interdiurnal pressure variability reaches maxi- 
mum in the period following this change. 
Fig. 10 is an illustration. We can see from 
this figure that the variability reaches maximum 
in March. This is quite different from the other 
regions of middle latitude over northern hemi- 
sphere. 
(ii) From spring to Mai-yü! period. 


1 Mai-yii is an important type of rainfall in China and 
Japan. It prolongs in the mean from the beginning of 
June to roth July. During the Mai-yü period there is 
usually a typical upper circulation pattern (fig. 14). In 
high latitudes aloft there are two quasi-stationary ridges 
situated respectively over Okhotzk Sea and Urals. In 
between is a quasi-stationary trough. The ridge over 
Okhotzk is usually of the blocking type. To the south 
of this warm anticyclone appears cut-off lows. There 
are two jet streams in this period. One appears to the 
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At the end of May or in the beginning of 
June the jet to the south of Tibet suddenly 


north of 65° N and the other extends from the north 
of the Tibetan Plateau through Yangtze River and 
Hwai-ho (a river, north of Yangtze River) to Japan. 
Along this branch of westerlies series of upper waves 
moves over Yangtze River and Hwai-ho from the west. 
The warm and moist air from the south form with the 
air to the north the Mai-yii front. The cold air of the 
front is NPc from NW China, but not SNPc or Pm 
from Okhotzk (CHEN, 1951, Kao, 1953). Thus, the large 
amount of rainfall (with shower character) in the Mai- 
yii period is of frontal origin. The longer the flow pattern 
of fig. 14 prolongs, the longer Mai-yii lasts in China. 
The year 1954 is a good example of long duration of 
Mai-yii. In this year the circulation pattern of fig. 14 
lasted for two months (June and July), as a result the 
largest flood of the recent hundred years occurred over 
Yangtze River and Hwai-ho. 
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Fig. 13. s-day mean zonal 

wind along 125°E for the 

period from September 26 to 

October 25, 1956. Note the 

sudden formation of the south- 

ern jet at the period October 
11—2$. 
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Fig. 14. Mean soo-mb chart for the period of Mai-yü, June s—30, 1956. Heavy lines represent the axis of maxi- 

mum geostrophic wind at soo-mb (full lines for June s—30, 1956, dashed lines for May 1—30, 1956). Note the 

structure of double jets during the pre-Mai-yii period, while during the Mai-yii period there is only a single jet 
which passes south of Yellow River toward Japan. 
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disappears (YIN, 1950; YEH, Kao and Liv, 
1951). To illustrate this we give fig. 11 which 
describes the variation of the structure of 
westerlies along 90° E in May and June, 1956. 
In this figure we observe the sudden dissolu- 
tion of the southern jet in the beginning of 
June. But it should be mentioned that at this 
time of the year the jet over southern Japan 
usually still persists, only the intensity weakens. 
The sudden disappearance of the jet to the 
south of Tibet is in accordance with the north- 
ward shift of the rainfall belt over China. 
This brings the well-known rainfall of Mai-yii 
season to Yangtze River. The sudden change 
of circulation! here in this period is not only 
coincident with the onset of SW monsoon 
over India, but also coincident with the sudden 
northward retreat of the westerlies over Middle 
East (SUTCLIFFE and BANNON, 1956). The time 
interval from this sudden change to the summer 
mentioned below may be termed as easily 
summer or Mai-yü period. 


(iii) From Mai-yii period to summer 


With the sudden disappearance of the jet near 
35°N over Japan Mai-yü ends over the conti- 
nent, the major trough over Japan disappears, 
and the subtropical ridge invades the Far East. 
Then the true summer season starts. This 


happens around roth July. In the changing 


1 According to our recent study (to be published) the 
sudden northward shift of westerlies in June is not limited 
to Asia but it is a world-wide phenomenon, being 
earliest over Asia and latest over N. America. In the 
period from middle September to middle October 
there is a world-wide sudden onset of westerlies south- 
ward. 
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period typhoons usually invade China; July of 
1953 may serve as an example. The subtropical 
ridge usually follows typhoon to extend to 
China. 


(iv) From summer to autumn 


The transition from summer to autumn over 
East Asia is indicated by the reappearence of 
the westerly jet over Japan and the reestablish- 
ment of the major trough off the Asiatic coast. 
At this time the surface Asiatic cold high 
reaches 35°N. The circulation is now anti- 
cyclonic in both upper and lower levels. Thus, 
the clear high autumn weather starts in East 
China. From this time on typhoons either 
move straight westward or recurve northward 
to the east of 125°E. This period which starts 
in the beginning of September is the first stage 
from summer to winter. Figs. 12 a—b will 
illustrate the abruptness of this change. Fig. 
12a is the mean surface chart of the period 
from 27th August to 1oth September, 1935 
(15 days) while fig. 12b is the mean surface 
chart of the following 15 days. From these 
two figures we see two different types of 
weather pattern. 


(v) From autumn to winter 


This starts from middle October, charac- 
terized by the sudden formation of the jet to 
the south of the Tibetan Plateau and a general 
deepening of the major trough off the coast 
to the winter intensity. Then the character of 
winter circulation over East Asia will now be 
fully developed. Fig. 13 will illustrate the 
sudden onset of this jet.! 


1 To be continued in the next issue of this journal. 
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Hydrodynamical Methods of the Short- and Long-Range 
Weather Forecasting in the USSR 


By E. N. BLINOVA and I. A. KIBEL, Central Forecasting Institute, Moscow 


(Manuscript received June 5, 1957) 


I. Short-range forecasting (by I. A. Kibel) 


1. The development of the hydrodynamical 
methods for short-range weather forecasting 
was initiated more than Is years ago, when the 
possibility was demonstrated of resolving the 
problem by means of the expansion in powers 
of the small parameter that multiplies time 
derivatives in the equation of motion. This 
parameter, let us denote it by &, is defined as 


e= where / is the Coriolis parameter and 


ia 
iy 
t is the characteristic time of the problem (of 
the order 105 sec.). 

By performing the expansion in powers of 
e and neglecting the terms of the second and 
higher order, we obtain from the horizontal 
equation of motion the horizontal components 
u, v of the velocity, and from the continuity 
equation — the vertical velocity w, in functions 
of the time- and space derivatives of pressure p 
and temperature T. 

Substituting these expressions of #, v, w, in 
the equation of energy (above the boundary 
layer of the earth in the troposphere, this equa- 
tion coincides with the adiabatic condition) 
we receive a single equation for the determina- 
tion of two functions: p and T; using the 
hydrostatic approximation we can represent 
p by means of py (sea level pressure) and T. 
The equations may be put into form 


d 0 ge 
0 
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Here x, y are the horizontal coordinates, = 
is the vertical coordinate, R the gas constant,, 
Ya the adiabatic lapse rate, y the temperature 


lapse rate, x the specific heats ratio, g the 
acceleration of gravity. 
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Later we shall call the equation (1) “the 
prognostic relation”. We have to add to this 
relation one boundary condition; in the first 
work, the condition of non-penetrability of 
the air masses through the tropopause was 
adopted. 

The first work-formula has been obtained 
from the prognostic relation by making two 
essential simplifications. 

Firstly, the expansion in powers of e was 
done also in the prognostic relation, in order 


to derive the value Po as functions of the 
space derivatives of py and T. (Taking into 
consideration terms that do not contain ¢ was 
called “the first approximation”; the terms 
with ¢ in the first power gave “the second 
approximation”.) On the other hand, the 
prognostic relation was not satisfied for all 
levels, but only at sea level. 

Various versions of this method have been 
investigated in a number of papers. Thus it 
was proposed to replace the condition at the 
tropopause by the empirical condition relating 
the time derivatives of the pressure and the 
temperature at some special level (N. MALKIN, 
1945, B. USPENSKI, 1948, G. MORSKOI, 1955, 
and others); the prognostic relation has been 
applied at the level of the tropopause instead 
of at the sea level (N. BULEJEV, 1948); the 
prognostic relation was averaged over the 
whole troposphere (KiBEL, 1948) ond so on. 

In all these versions the work-formulae 
were constructed for a polytropic model. 

In the first approximation the result was 


- OPo 
that à 
J(T po), where Ty is the temperature at the 
top of the earth’s boundary layer. These ex- 
pressions looked like the well known Exner’s 
relations (1906), but the coefficients were 
essentially different. In the second approxima- 
tion the linear combinations of the Jaco- 
bians J(po, Apo), J(To, ATo), J(To, Apo): 
J (po, AT,) and of the expression 


IT, IK\ AT, aK 

Fel (To Fe) (Te à) 
have to be added (K denotes the pressure at 
the mid-level). 


was proportional to the Jacobian 


2. In the first studies time derivatives of 
Po at each point of space have been expressed 
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in terms of the above mentioned Jacobians, 
calculated for the same point of space. The 
next step was to introduce “the dispersion”. 
This removed the chief inaccuracy in the 
derivation of work-formulae from the prog- 
dPo 
dt 
power series of the parameter &. At the same 
time the prognostic relation was simplified in 
the sense that the ageostrophic components of 
the wind were neglected in the terms giving 
the advection of temperature. Finally, the 
boundary condition at the tropopause was re- 
placed by the condition that the vertical mo- 
mentum of mass vanishes at the top of the 
atmosphere. 

With this new treatment of the prognostic 
relation the time derivatives of pressure (geo- 
potential) have to be determined from a 
second order differential equation with partial 
space derivatives. Taking as independent vari- 
ables x, y, p and f the prognostic relation leads 
to the now well known equation: 


eye ere 
(442555) TER A = )- 140 (2) 


nostic relation, i.e. the expansion of in 


where @ is the geopotentional, ¢ = (P is 


the standard sea level pressure), 
Gm (0% I A 
Ara (SE v). Aa=75(¢. <P +1), 


a PIR ETS 
fu 
T, is the mean temperature. 
Equating to zero the vertical velocity at the 
earth surface (we investigate here the case of 
a plane surface) leads to the condition 


Pp & dp 
a at RT, at 


=RAr at C=4 (3) 


At infinity (z=00, € = 0) we assume the 
value of 
22 
Ex (4) 
to be finite 
The equation (2) with the boundary con- 
dition (3) permits one to determine the values 


of = in terms of linear combinations of 
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Jacobians J (& e)) fi (0, = + ) integra- 
ted throughout the space; in this manner the 
dispersion is taken into account. 

In the first studies only the dispersion along 
the vertical has been taken into account the 
integration through horizontal in (2) being 
replaced by some approximate operations. So 
in A. CæisriAKov's work (1951) the Laplacian 


d 
A = was replaced by the approximative ex- 
pression +), where L is a charac- 


teristic length; in A. OsukHov’s work (1952) 
only one wave term was investigated by com- 


; à 
puting A = and so on. A general solution 


of the equation (2) was obtained by N. Bure- 
Jev and G. Marcuux (1951). Adopting a con- 
stant (height average) value for c, Bulejev and 


Marchuk obtained 7 at the point (x, y,¢) at 
a moment f, in the form 


rE oo 


op | 


oO — co 


= is [ ff saad ar (s) 
270C" | Ah 


where 
I 
VTC 0) = = 
Ser vet 
a=|In | 
= HEC + X, (in Fe” a) 
: 999) I Ts Va®+ 7, 
ge) = ig OE 30 (a, 7) Va? as tT 
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The Green’s functions gf) and g@) are 
obtained here in the explicit form. This permits 
one to construct also explicitly the Green’s 
functions for many other quantities (KiBer, 
1954, LEONOV, 1955, and others). The vertical 
velocity w, for instance, is expressed as follows 


in oo 


ORT 


oO — co 


R?T?R2 ee; 
| (waere (6) 


fe) = 


where 
(w) — is | a a e 
Dre Kar .) DA: 


n 
I ie tf. C2 i: :) c2 a 
ace’ Vox (ar N OF whe 
On the base of the relation (2) the various 
rules of forecasting “by hand”, or by graphical 
methods, have been constructed. One of the 
first graphical methods was proposed by 
BULEJEV (1951); it deals with the prognosis 
at the mid-level (here GPO & 0) and consists 
in propagating values of @ along the lines of 
constant B, where 


B=a(p + by) 


Here a and b are constants, and @ is an arith- 
metic mean of the g-values taken in four 
points around the point at which Bis calculated. 
Bulejev’s method is similar to a known set 
derived by Fjörtoft. 

Bulejev takes the values of B as constant 
with time; A. OBUKHOV and A. CHAPLYGINA 
(1953) proposed to extrapolate in time the 
B-lines and to transfer y along the extrapolated 
lines of constant B. M. Yupın (1955) proposed 
to use for the prognosis in the mid-level the 
transfer along the lines of the type B, con- 
structed not only with the @ values at mid- 
level, but also with @ taken at other levels. 

The methods, also have to be mentioned, 
based upon the linearization of the prognostic 
relation. These methods were elaborated for 
the short-range forecasting use at the mid-level 
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(Ki, 1950) and in the three-dimensional 
case (MARCHUK, 1954, S. NEMCHINOV, 1955); 
they are analogous in technique to some 
methods for the long-range forecasting (see 
the second part of this paper). 

Many authors have dealt with the synoptic 
interpretations of the prognostic relation, or 
investigated the possibility of deriving some 
practical rules with one-time-step formula 
(B. Izvexov, M. SHWETZ, A. DuBUQUE, N. 
TABOROVSKI, V. BUGAEV, B. USPENSKI, S. 
Guna and others). 


3. The complete solution of the nonlinear 
problem of the short-range forecasting with the 
aid of (5) was first realized using soviet elec- 
tronic computing machines. The formulae (5) 
permits easy construction of a number of 
approximate schemes for the prognosis of 
at various arbitrary chosen levels. 

As some examples let us demonstrate the 
one-level, two-level and four-level models. 

In the one-level model (it stays close by the 
so called “Barotropic model”) the relation (5) 
is written for the level & = 0.5 (or nearly 
that), the pressure averaged values of Ag and 
Ar are assumed; these values are attributed to 
the level ¢’ = 0.5; then the integration with 
eee to ¢’ is carried out in the right side of 

sh 

Now, the terms that contains Ar proves to 
be negligible and the equation (5) becomes 


Ip ] à Je 
(Bhs SL ff Bade ds dy (7) 


where 
I 


28 = f (ef) de" 


oO 


The function g() has a logarithmic sin- 


gularity at the point r, = o and becomes very 
small as r, is increased. The integral (7) may 
be extended over a sufficiently large but finite 
area and the integration may be approximately 
replaced by a summation. 

The one-level model (the “mid-level” one) 
was realized by S. Betousov (1954) using the 
soviet high-speed electronic computer “BESM” 
in the Academy of Sciences of the USSR, and 
later on the soviet electronic computor “Ar- 
row”. An example is shown in Fig. 1. 
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Fig. 1 c. 24-hour barotropic forecast 06h s—6 July, 1956. . 
In the two-level scheme the right side of (5) | 
have been written for the polytropic atmos- - 
phere: in this case the geopotential of any iso- - 
baric surface will be expressed by the heights of ! 
two arbitrary chosen surfaces; the solution (5) 
will be rewritten for these two surfaces. The | 
realization of the problem using the “BESM” 
Tellus IX (1957), 4 À 
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Fig. 2 c. 24-hour 2-level model forecast of the sea-level 
pressure o9h 13—14 Oct, 1954. 


computor has been conducted by S. MAsHKO- 
viTCH (1955). An example is shown in Fig. 2. 

In the case of the four-level model the 
Tellus IX (1957), 4 
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formula (s) itself is written down for four 
levels; the integration with respect to ¢’ in 
the right side of (5) is divided in four intervals 
with the approximate quadrature in each in- 
erval. The computation may be carried outt 
with “BESM” (BELousov, 1956). An example 
is shown in Fig. 3. 


4. In all the above considerations the earth 
surface was supposed to be horizontal. Taking 
into account the orographical features makes 
in some cases the prognosis more precise. 
This is true as well for the sea-level prognosis 
as for the mid-level one. For the mid-level 
solution it is possible to replace the geo- 
strophic relation by the relation of the type: 


I dp I dy 
n oy "ox (8) 


, Pn is the pressure at the top 


U = 


Ph 
P 
of the mountain (p, may be considered as a 
standard value for the given point on the sur- 
face). The values (8) can be inserted, further, 
into the equation of vorticity advection at the 
mid-level. Then an equation is obtained in 


which the a 


under the Laplacian operator (as it is in a 
common case) but also under the first space 
derivatives. 

The analysis of the solution was given by 
V. Bykov (1954). ByKov and BELOUSOV (1956) 
have realized the solution using the “BESM” 
computor. 

Another way of solution was proposed by 
V. Sapokov and SH. MUSAELIAN (1954) and 
consists of the following. The wind is assumed 
to be quasi-geostrophic in all the space, but the 
equation (2) is resolved with the boundary 
condition 


Er = RAT = SIE, m) at E= x (9) 
no FREED ji \? 

where 77 is as previously denoted divided by P, 
standard pressure at the top of the mountain. 
Owing to the linearity of the equation (2) and 
of the boundary condition it will be sufficient 
now to add to the solution (5) the term: 


where 4 = 


derivative enters not only 


c2 dp 
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Fig. 3 a. Sea-level pressure o9h 5 Dec., 1953. 


Fig. 


3c. Exploratory 24-hour 4-level model forecast 
o9h s—6 Dec., 1953. 


The effect of the viscosity, as well as of the 
thermal transformation, can be taken into 
account by an analogous way (MARCHUK, 
1953, KIBEL, 1956). Thus, taking into account 
the viscosity (the earth surface is assumed, as 
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before, to be horizontal) the atmospheric 
planetary boundary layer may be gathered 
into the pellicle, the boundary condition (3, 
for resolving (2) being simultaneously replaced 
for the free atmosphere by the condition 


Pop c2 
dCot 


c2gk 


Ip 
— RAr ar Rag 


RT, at 


Ag at Ga 


Here k is the dimension-of-length parameter, 
expressed by means of the quantities that 
characterize the turbulent viscosity. 

The viscosity can introduce some correc- 


tions in the values of = and w. Thus, for 


instance, owing to the viscosity we have to 
add to the expression (6) the term 


kl =) ET 
2 del da 
al sont! Co a 


where o is given above. 


5. The nongeostrophic influences have to 
be carefully estimated at the frontal zones. 
The shear of the horizontal velocities makes 
it necessary to take into account the term with 
the vertical velocity in the equations of motion 
(I. VETLOV, 1954); the great absolute values of 
the horizontal temperature lapse rate oblige us 
to consider the nongeostrophic components 
of the horizontal velocities in the energy 
equation. Instead of the equation (2) we shall 
now have a system of equations (KIBEL, 1955): 


A _ l 190 _ We 20 Mg d0\ _ 
Be MIO GR UB Gee a 7, 
eae -1Ao 
gl 
ce y 2°? Mm PDP du, Pp 
I \ alot a Oxot aC 9yot 
Cr ~ 
api - REAr 


where €, Ar are the expressions similar to ¢ | 


and Ar respectively, and 


ae 


dt 
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— d 
Fig. 4. Computed vertical velocity w= = due to the 


presence of a frontal surface (in mb/12 hours) at the 800 
mb level 06h 14 Sept., 1953, (computations made with 
the use of sea-level and upper level charts for 06h 14 
Sept., 1953). Isoplets are drawn at so mb/12 hours 
intervals (dashed lines); the zero-lines (full lines). Ob- 
served precipitation areas are shaded. 


Introducing the new variables =x + ie 
n=}- 7 u, (KIBEL, YUDIN) it is possible, by a 


simple transformation, to reduce the problem 
to the solution of the equation of the type (2) 


0 : à ; : 
for = with corresponding Green’s functions. 


These last functions are now not symmetrical 
as regards to vertical axis through the point 


for which = is computed. 


Much more tedious is the determination of 
the solution when frontal surfaces are present 
(SADOKOV, 1955). The equations of the type 
(2) have to be written for the cold and warm 
masses separately; the variation of the position 
of the frontal surface is predicted in the course 
of the solution. The refinement of the solutions 
for vertical velocities near frontal surfaces is 
especially essential. In Fig. 4 examples are 
shown of the vertical velocity computations 
after Sadokov. The problem of the fronto- 
genesis (V. GUBIN, 1956) may be put and its 
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practical resolution may be obtained by means 
of electronic computors. 

Nowadays a new approach is incepted of 
taking into account nongeostrophic influences, 
namely, on the base of some theoretical con- 
siderations about the geostrophic adoptation 
of motion (OBUKHOV, 1949, KIBEL, 1955). The 
scheme may be constructed for prediction of 
the geopotential, in which the quasi-geo- 
strophicity is not postulated in advance, but is 
obtained in the course of the solution. Here 
the formula of type (5) may also be obtained 
with the essential difference that the horizontal 
integration will be extended to the finite area, 
the radius of which essentially depends on 
time; the corresponding Green’s functions are, 
certainly, also dependent on time. 


II. Long-range forecasting (by E. N. 
Blinova) 


6. As early as the thirties of this century Lev 
Vasilievitch Keller suggested that extended- 
range weather forecasts may be constructed as 
a result of the analysis of the solution of a non- 
stationary problem of non-zonal disturbances 
superimposed on the zonal atmospheric cir- 
culation. However, at that time no electronic 
computors were available. Therefore, efforts 
have been made to look for the solutions of 
the linearized hydrodynamical equations. After 
many tests a model was selected in which small 
disturbances were superimposed on the W—E 
zonal current. In this model the velocity com- 
ponents Vo and V; along the axis (©) and (1) 
of the spherical coordinate system (© colati- 
tude, À longitude) and the pressure p are in 
the form: 


Vo=ve,Vi=v, +01, p=p+p 


where v6, vj, p’ (functions of ©, A, the time t 
and the height z above the sea level) are 
small quantities of which the second order 
terms can be neglected; v; and p charactirize 
the basic pure zonal motion. 

Let us write down v; in the form 


Vi = Od, sin O (1) 


where a, is the earth’s radius, « the angular 
velocity of the air motion relative to the 
earth “circulation index” (here we use the 


terminology introduced by C.-G. Rossby and 
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B. Haurwitz). The circulation index depends, 
generally speaking, on z, O and t. In the first 
scheme of solution the hydrodynamical equa- 
tions have been written for the mid-level of 
the atmosphere; « has been taken (for this 
level) as a function of time only. 

For the mid-level a stream function y can 
be introduced, such as 

; dw a 

pas a, sin OV ae 4,00 (2) 


The movement is a solenoidal, but not a 
geostrophic one. The non-stationary non-zonal 
part p’ of the pressure p is related with y by 


the expression: 


en 
6 sin 091 
MS /2 00) 0 ay 
(5425) jot 2+ o)ag 0% (3) 


(the simplified Euler’s equation along the 
À axis) in which 6 is the standard density for 
the mid-level. 

As for the stream function itself, it satisfies 
the equation: 


(vertically projected simplified Friedman’s 
equation, determining the vorticity change 
for a particle), where 


OL (Pen) FN Oy 
a sin © 00 (sin = =) "in Oe 


The sinusoidal solution of (4) was obtained 
first, as is known, for the case emo by 


HAURWITZ (1940). 

Let us give the general solution of the 
prognostic problem. 

Suppose that for an initial moment (t = 0) 
the pressure p can be expanded in series of 
spherical harmonics: 


(p'h-o= 


(5) 
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Then, resolving the system (3) and (4) we 
shall obtain, for an arbitrary moment of time: 


p=2(&+@)0 


> D [D™ cos (mA, + oy") + 


n=1M=I 


+ D'™ sin (mA, + o,%t,)| HR (cos ©) (6) 


na f ald 


wf: +2) à (7 


o 


with 


FA 20m 


BESS (IEE i 


H” is the linear combination of the associated 

Legendre’s polynomials: 
n(n+ı-m) 

(2n+1)(n+1) 


H™ (cos 6) = pr... (cos @) + 
‘ (n + 1) (a +m) 


(2n+1)n Pn-ı (cos ©) (8) 
The coefficients D are related to the coef- 
ficients A from (5) by the expressions: 


(n- 1) (n- m) 


(2n- ı)n fr 


2 (% + @) el Dr. ; 


+ Dés (2n + 3) (2n + ı) 


n+2)(n+m+1) 

tent) a 
(an analogous relation exists between D’ and 
A’). Having obtained D and D’, the predic- 
tion of y may be done using the formula: 


y= > 5 [D™ cos (mA, +0,71) + 


m= 


+ D'™ sin (mA, + o,%t,)|p™ (cos@) (10) 

For the prediction in the northern hemi- 
sphere it is permissible to put vo = o at the 
equator. In this case the differences n — m in 
the equations (6) and (ro) must be odd; but 
in (5) they must be even. The coefficients D 
and D’ are to be determined one after another 
from (9) (beginning with the small numbers 
of n). | 

For a detailed representation of y by means | 
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1949, (in decameters). 


? 


Fig. 5 a. soo mb contours 06h 10 June 


pes 


represented by means of spherical 


(The initial field for 8-day forecast.) 


< fn <= 20. 


Fig. 5 b. 500 mb contours 06h 10 June, 1949, 
functions with m < 12, 
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of (10) we shall need a great number of the 
terms. It is therefore interesting to get the 
solution of the equation (3) for y in another 
form—by means of the influence function. 
This solution may be written in the form: 


y(O, À, t) = Po(O, À) + 


27 
I 
+ — 
Die, 
Oo oO 


w(@’, A) sin 0'dO'd2’, 


bla 


£o (O} 9, At À, Gi) 


(11) 
where 


Yo (©, À) = [y (9, A, ti) lame 


u +) 


[Pn (cos y») — Pn (cosYn) — pn (cosy) + pn (cos y)] 
with 


COS y, = cos O cos O" + 


t 
+ sin © sin ©’ cos( 2 — À - 3 a5) ; 


+ sin © sin ©’ cos( 2 -A,- ety). 


cos y, = — cos © cos O + 


cosy = (Cos y,),20, cosy = (cos y.) 


Pn are the ordinary Legendre polynomials. 


7. By means of the formulae (6) and (10) 
many forecasts of the soo- and 700-m height 
patterns of the northern hemisphere have been 
issued for the time periods from several days 
to several tens of days. The accuracy of the 
forecasts depends essentially on the quantity 
of meteorological data throughout the north- 
ern hemisphere. In particular, the accuracy of 
the forecast is considerably reduced by the 
lack of initial data from the vast areas of the 
Atlantic and Pacific oceans. The accuracy of 
the forecasts, naturally, depends upon the 
quality of the initial field representation by 
means of the series of the type (5). For those 
forecasts the tables of the associated Legendre 
polynomials for n < 20, m < 12 were com- 
puted (J. Heıretz, 1950); these tables were 
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later extended so as to cover values for 
n < 56, m< 36 (S. BELOUSOV, 1956). Exam- 
ples of the prognosis are shown in Fig. 5. 

The techniques for obtaining the soo- and 
7oo-m height patterns were worked out in 
1947—1949 by J. Heifetz, S. Mashkovitch, 
N. Bagrov, A. Monin and others; special 
tables were computed for the expansion in 
series of functions H”, for the influence 
functions and so on. 

In the Central Forecasting Institute (Moscow) 
the values of « are computed for the northern 
hemisphere daily for several levels; to deter- 
mine the values of « the data from latitudes 
65°, 60°, 55°, 50°, 45°, 40° are used. The values 
of & are computed from a standard formula 
based upon the least-squares rule. 

After prognosis of p’ values at the mid-level 
was done, we can obtain the prognosis of the 
non-stationary part of sea level pressure ps, 
“descending down” with the barometric for- 
mula of the polytropic atmosphere: 


po(®, A, t)= 
=e) (O, A, t) Be 0(0) T (0, 2, aa 


where p(z) and o(z) are standard pressure and 
density at the level z respectively, h the height 
for which the values of p’ are computed, 
T, the mean temperature at the height h, 
T’ (©, 2, t) the non-stationary non-zonal part 
of the temperature. In the first approximation, 
for the medium-range forecasting it is per- 
missible to assume that T’ satisfies the linear- 
ized advection equation, the terms with the 
vertical velocity not being taking into account: 


oT’ ; pode 2M cos @ dy 
ot on ae 


Kee 


Here K is the coefficient of turbulent thermo- 
metric conductivity describing the lateral 
turbulent diffusion, M the parameter charac- 
terizing the zonal temperature distribution 
between the equator and the pole; the zonal 
temperature distribution T is taken as follows: 


T = const + M sin? @ 


The equation (13), in which y is determined 
by (10), may be solved without difficulty, the 
solution having the form of series in spherical 
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Fig. sc. Observed soo mb 


* 


06h 12 June, 1949. Fig. 5 d. 2nd day of soo mb forecast 06h 10—12 June, 1949. 
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Fig. se. Observed soo mb o6h 14 June, 1940. 
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Fig. 5 g. Observed soo mb 06h 16 June, 1949.‘ Fig. sh. 6th day of soo mb forecast 06h ro—16 June, 1949. 
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Fig. 51. Observed soo mb o6h 18 June, 1949. Fig. 5j. 8th day of 500 mb forecast ro—18 June, 1949. 
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harmonics. The coefficients of this series are 
represented by the coefficients A and A’ of 
the series (5) and by the coefficients B and B’ 
of the following series 


(T'h=0= dE we (Bi cos mA + B’” sin mA) pr 


n=I m=I 


An example of the forecast using the above 
technique (from the paper by BLINOVA and 
MASHKOVITCH, 1952) is shown in Fig. 6. 

The full three-dimensional model taking 
into account vertical velocities and assuming 
the atmosphere not to be polytropic was in- 
vestigated later (BLINOVA, 1953, HEIFETZ, 1953). 
Here the linearization was performed with « 
depending only on the altitude. The motion 
was assumed to be approximatively solenoidal 
at all levels (not only at the mid-level); this 
means that vo and vj are expressed after (2) 
with the non-stationary part of y depending 
now on z also. The problem is reduced to the 
solution of the equation: 


2 € d dy 
a — 
ot aA 0g 


VE 0 0 Ow fs 
= -a/ |G+ 3) 274 @+0%]as 
(14) 


(the turbulent diffusion is not taken into ac- 
count), where 


R?T, (Ya-Y 
res 1 a (a x 
4agw?g (5 SE (15) 


Ya the adiabatic lapse rate, y the mean tem- 
perature lapse rate, R the gas constant, T, 
the mean temperature of the atmosphere, w 
the angular velocity of the rotation of the 
earth. 

As a boundary condition the equality 


da ow 
dE OA 


I 


0 d Ow 
[Ga )av+20+0#] E=0 (16) 


© 


has been assumed. 
Various types of approximate solutions of 
the equation (14) have been tested. 
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Fig. 6 b. Observed sea-level pressure 06h 18 June, 1949. 
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Fig. 6 c. Forecasted sea-level pressure 06h 10—18 June 
1949, computed by “descending down” with (12). 
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8. The long-range forecast of the sea level 

temperature du. may be given by means 
of the solution of the linear problem in the 
ey layer of the earth. In the case of the 
sea level pressure prognosis, accomplished by 
“descending down” in the free atmosphere, 
it was sufficient to consider only the horizontal 
diffusion of the temperature; but in forecasting 
the temperature anomalies in the planetary 
boundary layer, it becomes necessary to in- 
troduce also the turbulent diffusion in the 

“vertical direction. In the simpliest scheme we 
find the temperature anomalies from the 
equation: 


OT’ dT’ 2McosO dy 
pp ern = = 
ot I a I. 


a A (x ) 
dz dz 


introducing the mid-level values of the param- 
eter x and of the y function. Here K’ is 
the coefficient of vertical turbulent thermo- 
metric conductivity. 

The scheme describes, in general, the in- 
trusion of heat and cold along meridians, the 
advection by the basic W—E flow, the smooth- 
ing due to the horizontal mixing and, finally, 
the transforming influence of the underlying 


BR 


To take into account influence of the under- 
lying surface by resolving equation (17) it is 
necessary to fulfill the boundary condition of 
the heat balance at the earth surface. 

We assume: 
eed 


BAT 
—. 
dz 


-A =S-pT™* at z=o (18) 


where T’* and 7* are temperature anomaly 
and coefficient of thermal conductivity of the 
ground respectively, A’ is the coefficient of 
turbulent thermal conductivity of the air; the 
therm uT’* characterizes the loss of heat due 
to the long-wave radiation of the earth surface; 
S describes, principally, the influence of the 
anomalies ay cloudiness. 

The unknown temperature T’* is deter- 
mined in parallel with T’ from the equation 


A „4 A ” T'* 
ee? (1 =) (19) 
dt dz dZ 
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(K* is coefficient of the thermometric con- 
ductivity of the ground) with additional 
boundary conditions: 


Te pls TUR 
T*>o 


at z=0 
AS ZA CO 


Having determined y with the aid of (ro), 
the system (17) and (19) may be resolved in a 
general way, with the arbitrary initial values 
of T’ and T’* (K. Dosrysuman, 1951). But 
practically interesting for the extended-range 
prognosis is the forced “stationary regime” 
established under the influence of varying in- 
trusions of heat and cold and the continuous 
transformation by the underlying surface 
(BLINOVA, 1950). | 

Similarly, by introducing the boundary 
layer for the velocities it is possible to take 
into account the viscosity influence upon wind 
variations in the boundary layer; one can also 
compute vertical velocities in the friction 
layer. These computations were conducted by 
DOBrYSHMAN (1956) in his work upon the 
long-range forecasting of the humidity. 

After testing several variants of the solu- 
tion of systems (17) and (19) one of them was 
adopted to prove under operational condi- 
tions. The computational schemes and the 
auxiliary tables have been prepared. Since 
1952 at the Central Forecasting Institute 
(Moscow) the experimental operational prog- 
nosis of the mean monthly temperature anom- 
alies (based on the simpliest linear hydro- 
dynamical model) are issued covering the 
whole territory of the USSR for the periods 
from 4oth to 7oth day in advance. An 
example of the prognosis is shown in the 
Fig. 7. The mean goodness of these forecasts 
is about 76%. (This means the share of 
forecast area where the difference between 
observed and computed mean monthly tem- 
perature anomalies do not exceed 20 % of the 
mean monthly climatological temperature 
amplitude.) 

The computations for the hydrodynamical 
linear long-range forecasting problem are now 
performed on the specialized electronic com- 
putor “Weather” in the Central Forecasting 
Institute. 


9. The chief difficulty to be overcome in 
any linear problem of the long-range fore- 
casting lays in the determination (for the basic 
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flow) of variations in time of the circulation 
index. À quantitative theory of the annual 
variation of « (in its climatic aspect) has been 
investigated in the works of BLINOVA and G. 
MARCHUK (1951) and S. MASHKOVITCH (1956). 
Besides the annual variation the circulation 
index has also non-regular, non-periodical 
variations, too. 

For the prediction of the variation of the 
circulation index various ways have been pro- 
posed. One of them consists in the applica- 
tion of the “periodogram analysis”; by this 
way one came, in particular, to the 11-day 
period of & variation (MONIN 1955). The 


1B IN TICINO WIN, FSUNUB) My vals I) Use Ie 


Fig. 7a. Observed mean 
monthly sea-level temperature 
anomalies in April, 1955. Iso- 
plets are drawn at 1°C in- 
tervals. Dashed areas—positive 

anomalies. 


other way is based upon the hydrodynamical 
technique (BLINOVA, 1949). Namely, it is easily 
proved that for a mid-level we have the rela- 
tion: | 


da - I 
dt ana sin? © 00 


(sin © fversdi) (20) 


Substituting in the right side of (20) vo and 
v, taken from the linear solution of the 
problem one can receive the possibility of the 
prognosis of « by performing the time quad- 
ratures. 

This formula was tested previously on the 


Fig. 7 b. Computed mean 
monthly sea-level temperature 
anomalies, April, 1955. Com- 
putations based on initial data 
of 18—20 Febr., 1955. Isoplets 
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prognosis for several days in advance (Fig. 8); 
then it was tested in the long-range fore- 
casting of the mean monthly values of « 
(S. MAsHKOvITCH, N. PETUNINA, I. SMIRNOV, 
1954). This simple method permits evaluation 
of the nonperiodic corrections of the annual 
variation of «. 

The circulation index at the mid-level 
possibly depends also upon ©. This case was 
investigated by MasHkovircH (1952), who 
used the expansion upon a small parameter, 
and, after an example by N. Krylov and N. 
Bogoljubov, constructed simultaneously the 
expansions both of the amplitude and such of 
the periods of the solution. 

For the three-dimensional linear case it is 
particularly essential to specify the dependence 


= 
25272931246 
December 


January 

Fig. 8. The circulation index forecast. Observed (a) 

1,000 ~ values at soo mb level during theperiod 25 Dec., 
o 


1949—6 Jan., 1950, and computed (b) ones. 


of « upon the height z (BuNova, 1953, 
HEIFETZ, 1953, MONIN, 1953). Conforming to 
the results of Kuo, Fleagle and many other 
authors the linear problem may have the non- 
stable solutions for some special kind of the 
dependence of « upon height. The physical 
meaning of this instability may be clarified 
only by the analysis of the solutions of the 
corresponding non-linear problem. 

Before proceeding to the non-linear problem 
as the last part of our communication we shall 
mention the works of MAsHKOvITCH (1953, 
1955) in which the non-linearity is introduced 
only as some corrections, as the second ap- 
proximation to the solution (the first approxi- 
mation being a linear solution). Examples 
from the works of Mashkovitch are represented 
in Fig. 9. 
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Fig. 9 a. soo mb chart 06h 9 May, 1954, (in decameters). 


10. The study of the full non-linear problem 
of the long-range forecasting has become pos- 
sible only with the appearance of the high- 
speed electronic computing machines. In dis- 
tinction from the short-range problems, we 
require now initial data from the whole 
northern hemisphere. It is particularly essential 
to take into account the thermal transforma- 
tion of the air from the ground. This can 
always be done for the boundary layer of the 
earth, after the forecast for the free atmosphere 
is already computed. 

The investigation of the long-range fore- 
casting problem in the free atmosphere began 
with a consideration of the mid-level process 


Fig. 9 b. Observed soo mb contours o6h 12 May, 1954. 


Fig. oc. soo mb contours forecast from o6h 9 May, 
1954, to 06h 12 May, 1954, (in decameters), 500 dkm 
extracted.—Linear theory. 


(some different variants of solution have been 
proposed by BLiNovA (1954), A. CHEKIRDA 
(1956) and others). In the general three- 
dimensional case the problem may be approxi- 
mately reduced to the solution of the equation 
for the stream function y (BLINOVA, 1956): 

OL oy 

at wie On 


where 


anol) (21) 


ibe a 
L= - (#3) -TAy, 


_ ay OL dy aL 
Tv, L)=76 3-3 36 


& and I” being determined by (15). 
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Fig. 9 d. The same as 9 c, but with nonlinear corrections. 


E. N. BLINOVA AND I. A. KIBEL 


Equation (21) have to be resolved with the 
boundary conditions: 


CRE I A ts 
deat le *) at Eee 
E r is limited at &=o (23) 


With respect to = equation (21) is a linear 


nonhomogeneous equation. The solution of it 
with the boundary conditions (22) and (23), 
supposing the non-penetrating of air masses 
through the equator, is for the northern 
hemisphere found to be 


a LS OY fi 
ot Tara: 
F x , Oy / , , 
J (y, Ay) + 204 sin © ay dO'di' dé + 


I 27 
rene: 
2700, 


oO Lo 


ow De PE 
J (v. a dan de 


nla 


al (9, À, 5 er A: E) 


n|a 


CAGE 


(24) | 


ve 
Ms 
4 VEE 
= I EN am 
dine bee mines -m °c 
\ (a an 
n=1 


[Pn (cos y) — pn (cos y)] 


v9 981 
= — 2 


2m=V4aln(n+1)+1 
cos y = sin O sin ©’ cos (A’ - À) + cos O cos ©’ 
cos y = sin © sin ©’ cos (A — À) - cos © cos O' 


The functions g, and g, have been tabulated. | 
The calculation of the thermal transforma-- 
tion in the boundary layer of the earth may be\ 
carried out in the manner analogous to that) 
in the solution of the linear problem of they 
long-range prognosis. But now we should) 
have dealt with the approximate solutions of) 
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corresponding equations of thermal conduc- 
tivity (that is by means of the time-steps). 

It is necessary to emphasize that with the 
extension of the forecasting range the role of 
the skill will be increased by taking into 
account not only of the turbulent thermal 
conductivity but also of other kinds of the 
afflux of heat—the long- and short-wave 
radiation, the heat of condensation and eva- 
poration and so on. In this connection the 
works of Soviet scientists (N. Kochin, L. 
Keller, A. Dorodnitzyn, V. Shulejkin, M. 
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Shwetz, S. Mashkovitch, S. Musaeljan, R. 
Rakipova, M. Malkevitch, A. Mkhitarjan, G. 
Kurbatkin and others) play an important role 
on the construction of the theory of climate; 
these works appeared to form some touchstone 
in approval of the hydrodynamic’s possibilities 
before a more difficult problem, that of the 
long-range weather forecasting, could be 
solved. 


A complete bibliography concerning research in this 
field in USSR will be given in a later issue of this 
journal. 
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NOTES 


Current Data on the Chemical Composition of Air and Precipitation XI 


(For further information see Egnér, H., Eriksson, E., Tellus 7, pp. 134—139, 8, p. 285 and 517) 
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S6 50] I10 25| 10222718) 36 9| IOI] 5.3 Oo} 29 —| — 
Sm 45} 59 13 9225210 8 6| 28| 4.6 0| 23] 0.0] 1.6] 1-9] 0-7] 0.6] 0.8] 5.9 
Sy BAL x 20 4 I 8 5 3] 39| 6.5| 40| 26 = > * a3 * * * 
BH 36] 31 26 Où HO AL CO OS 6 2217182170 20:0 on) 0.4| I.0] 4.6 
Sk 15] 25) 90} 6} 9 54) 6] 9] 29] 5.8) 9] 47| 6.4] 1.6) 3-7] 1-9] 0.8] 0.9] 5.8 
[AI 30170 20) T7 TO er C7 4.0 O| 40| 4.5] 0.1] 4.3 0.5) 1.2| 8.2 
| Hi r8l 40! 65) 77) 12 732) 5) 7450 55 NO SO ne —| —| — 
Ta —| — —| — 1 —| — - - —| — Ba 
An — = 2 — — — — — — — == se — | 
ME ah AT | er SH ei) 62 6) 912) 35] 6.110 13| OT |) | | 
Gj 92| 50] 307 6| 21| 169 6| 22) 28) 5.8 5} 20). —| —| —| =| = 2 
En 291025 12 711 el 3 9 al 21, 5.6 CIRE ee ee 
|| FA 5 el « — 
Va 18| 28 13 5 | 22 5 5030| 2.6:8 193515527 50:0 EST ECS | es ES 3-2] 8.2 
{Ir 471070 TO LOIS 7) 7 Se ir | 26 re Zen a 


* These values for April were unfortunately missing in Vol. 9 no. 3. 


Tellus IX (1957), 4 


465 


mg/m? E- a uglm® (= kg/km‘) 
@ |mm alte ig ele Ai 
® S il oi a S xla} S | CI ol Na| K | Mg | Ca 
a A ek ed eee 
Precipitation May 1957 (D 705) ee ar N Air May 1957 (L 705) 
Ke 40 12 17 al | ea ge Zei! 
Sd 106| 528] 224 27 ol 20) EU] ey SS eee ee 
Da 40 4 32 o a ee ne | 
As 48 12 12 072 13173:2/7.0:0/, 2310. 17.407.3183.7120. 
Ei 36| 113] 573 25 OM 120) 9.6] 85. | 1.9143. | 2-2] 6.11 6.8 
Jy 57 105 Th OM TO} 6.5) 8-0] 4.3] 1.0| 1.3) 1.1] 0:0 
Ka 42 94 Io 75| 12] 5-9] 18.6| 13.3| 3.2| 4.8] 3.5] 49. 
Ku 51 29 8 OM 135.00 [76.4| 8:60. 4.51.00 0 
Pu 43 67 4 9} 17| 3.5) 0-0] 6.6| 3.1] 2.3] 0.0] 5.0 
So 61 63 15 07717. 0:0| 3-0)" 4-0) 2.7 2-7/5 1-4/1 8.5 
ev 24 49 fe) o 7| 4-2] 19-7| 18.8] 3.8} 5.6| 5.4] 40.0 
Vn 40 148 60 ONG |e || ee 
Gr 20 93 30 OMC: == 
Od 15 113 10 20] 68! 4.0] 4.5] 4.0] 2.1] 1.1] 6.7| 32 
Bs 14 221 19 o| 98 Neue 
Ly 21 99 28 255} 102] —| —| — —| — 
As 20 149 17 o| 79] 12 Ro 2-7 One eA eee 
Vd 15 76 28 al 57 
Bl 21 98 39 OOo 
Ay 35 130 24 18] 40 08 3:9|2 5:7. 0.0 81.0r.02.82 
Hö 29 407 55 CO EE es en es em ea | 
Ab 28 155 5 21 51 * * * * * * = 
Ed 41 80 4 o 36 * * * * * * * 
pe 26 92 17 o| 47| 26 AC) Fo Al | Al mi 
Ro 31 116 15 Or | ra) SAME) kell 270) x 
NA 81| 114] 294 31 TANS 40110 (0-72 [0.25 | 2:66. 0.9.7.7 1013 
Au 37 2 31 ol 28) 18.7) 7.1] —| 0.5} 1.4] 10.7] 0.5 
Ba 49 49 20 0] 19|24.8| 1.4] —| 0.2] 0.6] 0.6 o 
Fe 48| 126 66 33 o| 36] 20.1] 5.5] —| 2.2] 2.8] 1.1] 2.5 
SC 48] 124| 332 19 ol 48] 21.3] 13.0] —| 5.2] 2.0] 3.3| 1.6 
BV 18 79 25 o| 79115.9| 6.9) —| o.7| 0.8] 1.1] 1.2 
Ho 48 o 19 2422) © —| 0.4| 0.4] 1-4] 1.1 
Bn 60] 144] 175 39 185] 90] 21.9] 9.2] —| 1.9] 1.6} 3.3] 1.5 
He 40| 2 211 54 1236| 208 
Le 30] 119 33 24 1310 30|8.8:87 250 21025207012 mE 
U 39 90 25 0101200 TI || SC! PHO]. tsi rer Dat 
SA 37 210 II OP 49| 10.317 1:61, 4°78 2-019 0.5| 0.7) O28 
B go] 138) 108 28 OQ) Bel woz) Pasi 18071041 xo] woz 
D 39 98 17 18674005 ro) Tr Ro Ro 
DB 61| 114| 118 10 OW 3511820] Sat Org) 2558 0.7 2-0-6: 
Precipitation 1957 (D 706) Air June 1957 (L 706) 

Ri OI 31 I I 4 7 fe) 6 * * * * * * * 
Ki 22 19 o fo) 4 4 57 792 0.027.420. 22.9 2.2.0 27.0 20.0 
Ar 2 12 2 fo) I 4 50/8275 Er) Ro 0) T0) Br 0)ET 00.018240 
Oj 39 25 (6) fe) 5 5 10 Eh nie) CON 01.0 82.0 AN 1:50 
Rö 31 5 6237 I 5 36| 21| 0.0] 3.5| 1.6| 6.9| 0.8] 0.4] 10 
Of 47 6 3 2 9 6 fe) 121217.2120.8|27.9|2.0:412.0.412 0.025.606 
Br 35 4 2 5 2 3 o 9 * * * * * * * 
ÄF 74 15 4 4 7 4 o 7 0E 0:0 85:7. 82.2 ove) cowe)| asks) 58} 
u, + À + — — + + + — 
Sv 15 Th Shane 3 9 7 |i be 
Ra 64 25 5 2 4 7,0 TON CONGO AIRE 
Am 56 12 3 T 8 II 01000017 N0 710 0)Ror|R277 
Sa 90 24 4 I 10 oy] el AAA CANONS 


Tellus IX (1957), 4 


Code 


NOTES 
RE eee ied ee dt a Re Eee 
mg/m? 2 |, uglm? (= kg/km?) 
sil.cr | & | NA RER [Me | Ca Dr aloe er Na| K | Ca 
Coe PAT be se A Er 2 | 
Precipitation June 1957 (D 706) Air June 1957 (L 706) 
81| . 26 15| II Gi imal 2s 92 4217 5:5 o| ı3| 4.0] 1.9| 1.5| 0.5| 0.6| 1-2] 3.3 
104| 81 40 a al Sn) O | TR 2 Goat ol x14] 4.3] 0.0] 1-0] 0.5] 0.5] 0.8] 1.7 
78) 43 23 7 SI 2a ai 9| 66| 5.6 fo} 13| 4.6] 1.1] 3-0] 0-9) 1-5] 3-1] 4-3 
81| 83 Pil) al, | 815 7 8230,2:0 ol 23] 0.8] 1.8| 1-6] 0.4] 0.4] 0.8| 2.6 
56177 QI 4 ol 25] 17| 14] 578) 6.3] 75] 85] 33- | 90] 7-6] 1.1] 1.4 6.1| II. 
55| 79 25 6 al 2 10 8| 42| 4-8 O| 251 4.9| 0.0) 2.7. 1.0) 0.707.388 
87| 66 25| 12 9| 31 4 6| 81| 5.8 Gr — 
50] 59 7i| 42) 14h 30] ul 221 49, 5-8) TO) 23) 72917 25 1.8| 1.0], 1.007725 
64. sole 1255| ol. 14/106] (sl 18, 551 366 AN me 12] CR 
79| 86| 268| 18| 20} 338 9| 41] 52| 4-5 ol 56| 5-1] 158.| 3-0] 80. | 4.8] 10. | 14 
39| 47 29 3 3 23 6 139554 fe) 161 4.51 0.0| 3:3| 0:7\07.70 Nadie 20 
38| 40 40 4 m 25 4 A| 2a Aes ©, 93 2.2.0.0 1.98 Ener 
3748| 83> 5| 21 5 2 SO 52. fol age 
85| 88 Or! 13) 14769 DA 52) bo ol 23 
45| 53| 128] Io 6| 76 4| 12| 29) 4-5 o| 38 “ * “ = a Es a 
51| 63 58 9] 14] 39 all GA Kol re el 25 
aa Zu aut 8 8 8 20 7\ 24| 4.8 ol 251 1.0] 0.0] 2:0] | 0-7|\5 2-0) 7 RES 
26| 23 I 5 4 8 13 Bl S| ©: Sal 23 | Boe) wee 0.8] 1-21 12 
1832 23 7 Bl 2512276 7| 39) 5-0 0} _35| 1.2| 0.0] 2.9] 0.5] 0.3) 1.4 77 
28) 59 aa S| Dill LO 4 7| 53| 4-7 ol Aol 2-6] 3.0] 5.3] 2:5|| 2-3] 70.926 
55| 94 46] 18| 23 a| 2) 2 7 Ol 32| 5.6) 0:0] 457) 1-21 0.702320 
57| 87 ze so Ro AG UG g| 68| 5.2 Ol 27 —| = 
41| 20 62 2 al sel ol ae) 2a) Beil A ae —| = 
48| 25 84 Al LOW 55 9) 12) 230-0] Le 15 
40| 24 5 5 6 7 I 4, 16) 5-5 O 10 — 
AST 3) 3 Bas 0 MS) TO 3979 Ale] Dr = 
FU 82 13 3 EI 24 7 70:00 5% 18| OL] ©0| 4-5) ©-7| 0.317 5:511753 
82| 34 7| Se LE BEST 47] az a ie 7 —| + 
101| 52 NOTE IRON El Fee 9 
IO0| 121 79 6 a ul Se el 27 EI 2 13 
64| 62 22) eho 9 Sl 2 5l 61| 5-5 OUT 
82| 64 25 8 ZN PXO\) at 7| 48] 5.0 ol 16] 4.0] 0.0] 11. | 4.6] 2-4) 3.9| 44: 
82| ror] 206} 15] 15| 188] 17| 27| 46) 4.6 o| 34| 2-5/ 205) 1-8] 93|7 0.82 2.) aime 
50| 25 40 5 AIM ra ITA 3| 37| 5.0 9 11| 4.8] 0.0] 8.8] 1.6| 2.5| 3-9] IQ. 
103| 129 ol TL MOINS ITS | LON Gol 5-0) 27; 10| 0.0] 17-6] 8.3} 3-0] 4-9] 1-9] 33- 
631742 27 GO 1O) 7 7\ 34| 4-9] 39 IO} 0.0} 36.0] 22.5] 1-0] 0.0] 0.0] 5.2 
62| 54 fe) 3 4| 44 9 9| 40} 5-1] 36 8| 0.0] 2:8] 3:3] 2.) 2:72.00 052 
70| 38 26 ADN TS ee ier ol 25| 5-8] 42 6| 0.0] 0.0) 5-1} 1.3] 0:01 2.0778 
35) 48 24 3 4| 25] 10 All 20h 267 ol 21| 0.0] 46.0] 91.0] 7.7| 0.0] 14.2] 42.0 
za Si GO| ESF] XG] ||, Op | Ge Ol ya | = = 
34| 16 3392018222 0836| 24 2 ee ee Oo] 45 
57| 113; 65] 24] 38] 50] ‘19] 10) 53] 4.5] ©] 40] 5-2) 6-3) 5.3) 4-6) 0.9) 2.2) 72 
62} 44] 151| 18] 19| 89 ol 20] —| 4.8 ol 25 
55| 124 98| 24| 121] Iro) 81) 2 —| 7-2) 84) 45 == 
60) Log) 7o5| 2578| 2607| 24 et ST rs O| 32| 1.7) 2.3| 3-6] 1-2] 0.4) ose 
FO) LES ONE ON ai el er > | ©), 42 + 
55| 102 30| 251° 3817 27 720277 20 (0) ric 
66| 17 3) 3 T 20 7 62310637207 55 * * * * * * * 
38] 53| 218! 24| 19) 138] II) 13) —| 4.7 ol 48 
SO os} 25 277 52 39) ES 53, |) ©o] Be] 37 ie Ei 
54 60 92 4 I 73 19 7 47 6.0 12 20 * * * * * * * 
46] 64) . 58] 13] 17| 42] 26) 15] 50] 6.0] 15} 25) 7-5) 2-9] 2.9] 1.8] 0.6) 0.6] 3.6 
37| 112 44| 21 LO} 4 Ol Fit 34| 124] 5.2 fe) 54 à * * * * + * 
60| 118] 99] 27) 23} 58| 33| 14| 134] 4-8) 0; 36] 14- | 7-2) 3-7) 3-1 1.7| 10: 
67| 83] 195! 24] 40] 154] 37| 26| 128] 6.1] 80] 43] 2-5] 0.0] 4.9] 1.5 I.4| 2-2 


Tellus IX (1957), 4 


NOTES 467 


À = 
= a à al uglm (= kg/km?) 
2 |mm S A | | pH Het | ie ir 
3 Gla Na| K | Mg| Ca eo Se Si] El nt Na| K |Mg| Ca 
Z14 ue A 
Precipitation June 1957 (D 700) Air June 1957 (L 709) 
Za BO 5 32 Si 20| 827 9823| 276 EroRlE 62.230 leans — 
Au 135| 176 27| 42) 59 Si ers 27617388 5:0 17| 14.5| 10.1] 8.5] 1.5] 1.6| 7-4] 0.8 
Ba 137| 123 rN eel, a AO ie ary) | PE 15) 10.9] 6.8] 3.1] 0.8] 1.0} 2.4] 0.3 
Sc 74120) 1718| 381. 2817671, 151% 2018 Zale 4.6 37| 12.6| 17-0] 5.3| 8.2| 4.8] 1.0) 1.4 
BV 2| 145 6210281, 22|279| 2202236 8810.4.3 0 5539|11:0.5 17.22 0723 r.218. 7.2 67.318102) 


Ho 255| 255 ol 18| Io OSS 421814810 5.5]) 20, 12 
Bn 73| 279| LE7| 42) 53) 312) 30] 66/9329) 6-4) 108| 58 
He 83} 195] 108] 424] 531] 209] 232] 42] 65) 5.9] 106] 95 


16.9] 13.1] 6.6] 0.6] 31.9] 1.9] 0.6 
30.3 114-5|.703]| 4-3 2-2 OLS |p 2-3 


Lz 30| 77 4510072123818. 22ers 2.177850]. 0:30. 200238112251 0:07.04 82.718 TON nS, 
Wi 19| 44 9 9 6 8} 20} Io] 69| 6.6| 114] 45] 9.4| 0.6] —| 6.7| 1.6] 2.2| 12.8 
Rz 27| 54 fe) 2 o 673 9| 54| 6.1| 28| 29|10.4| 0.8] —| 8.7| 1.2| 2.4] 3.6 
U 36| 131 a0 SLI S38 Stier Et 8 96] 4.8 O| 50] 12.6] 5.3) 6.7] 1.8] 2-0] 1.9] 2.0 


4-4| 6-4) 5.8 2-0] 1.0) 0.2| 7.9 
1.9] 6.4) 3.6) 0.9] 0.5] 0-4) 3-5 
72.5.7391 3-O\e 120.010 601822 
WiLAl| Gis 6.8 0.2.58 0:7|80:0j0:3 


D 93| 85 37, 6294026722077 1721007 5.2 O| 24 


2 

O | 

Fe 141| 148 PS LS) TE Sih ey] 8 Ir 600.4: 0 ı15|18.8| 9.6] 5.0| 1-6) 1.3) 4.1] 3.3 
o 

DB 27| 106 66 210 2708 62812 9| 63| 4.8 ol 51 


Precipitation July 1957 (D 707) Air July 1957 (L 707) 

Ri 22 Lt 281 2 2 TiS 3 CON SSI ae z * a © * eS . 
Ki 102] 39 35 8 5} 19| ı2 5| 44| 5.6 o 8317051 62) 7%.0|22.3|2 7.220784 
Ar 128| 50 19 5 5 9| 14 62.088500. 72 8 * * * * * * he 
Oj 42| 35 33 5 2 6| 18 2148 15:08. 1705813|.0.0 254 2 23 CE) mean! 
Rö EET) 070 ZA 6 9| 14 8] 43| 4-8 ol 13] 0.0] 0.0| 2.1| 3.0| 1.9| 0.7| 4.6 
Of 105| 66 27 5 7 A Ha 7| 33| 5-5 OMS M0 0 oa 2) Bel) re an 2 
Br 122| 54 19| 10] 30] TO} 12 6| 42| 5.6 fo) 7| 51.0.0] 2.0|71.6| 1.5) 2-3) 13. 

ÄF £O5| SEL 2 5 | u) en] a Koh SN CI EN CO NT 
Fö — — — | — 0 — — — | — 0 — 0 — | — | —| —_| — 
Sv 107| 34 19 3 6 8 7 4| 40] 5-4 fo) 7 —| —| — 
Ra 94| 22 26 4 2 6 8 5623615. 6.4] 210010219 27.3 042) rer) real TO. 


Sa 164] 100 24| 13) 19 £4) £9) 127 77| 5-8] 80] 70 Mo:7| 0.0 1-7) 0:6 0:7| 1.0} 6:2 
Ul 68] 57 26 9 7 TO) 535 ©5101 2.0:0|20:9|.0.0| 20.212. 0.2|20.2120:.8 
Er 58| 37 23 4 hl 3433 9| 46| 6.3 @) 72|01:32.0:0| sed] OX) iO) BA Gov 
St 84| 70 23 8 ZEIT E17 7| 67| 5-4| 36 T2|2.0:0|°.0:0| 2.7|2.0.0| 21.1|.0.70 
Fo 126| 93 Tears no tex) 504-8 o| 12 + * * + 

* 

* 


Kvi | 105] 380 79| 68) 42| 23] 39] 21] 900] 6.3] 120) 78 us * 


Kv7 | 104| 150 36 |e Ol 25) 217.7 E2A\ TT TO) 0) 00874 of * 

VK 92| 93 21 50) e401) 0 7\ 20 6| 69] 5-1 oo 17 — —|ı —| —| —| —| — 
La II4| I10 4710 22003312287 37) e204 54:0 fo) 10|NO 0-51 332-0] meee Al GE 
Bo 48| 87 08e rs 7112. 74 27312 6511 6125) 20) 0:0) 14% 17407221 21:3 0722 65a 
Vi 0712901024201. 221, 2217 2r70| TON 2717 4014-5 040 20:0 |25% 27:0 73:4 acyl Seo) A 
Fa TOT EYE ale | el | Go) MOT IR 0) Or le 1.8| 0.6] 0.8] 1.8] 27. 
Fl 109| 82 305702 1018 17077 4| 22| 4-7 0 15] 0.075. | 2:0] 1.2| 1.4| 6-7) 19. 
Am 69| 62 48 6 EZ Io 6| 49| 5-5 el — 
Fi — - 

Si OR SOINS IN IS NET) 5-7 oh 7, 

Pl 1081 100.150] 17) 341, 731° Lo) 13) AT" Q\ Ro Aa Aa) dal) exe) sea) aes) 
Sö 99| 90 58| 18) 561 32) 20 ı5| 84) 5.8 21 17 

Sm LO4| 77 Ol 74|.27,.3101 275 Die Ser 0 219|73:81%.0:0172.710.0:9|.1%:0]22-3 29:0 
Sy 110| 58 Soll Bid HIG 10 18.20 5| 77) 5-5 Ol) meal al) Br WO) Boz] rer | 7 
BH TG CG 24 9 ie B83 AR Aig Om 10} 4.3] 0:0) 2-4] 0.6] 0.5] 0.9] 4.1 
Sk 32203 589,12 082310.24 9 6| 44| 4-9 0233| 245) 24, Lai) 2.520.044 
Al 36| 92 02192741 2510 20) 10 7| 59| 4-4 ap Hall Gall 2:8 i) 0 0 181.9 29:0 
Hi 58| 110 000121222817 271270 6| 61| 4.8 C7 


— No sampling. * Sample discarded. Stations Ri—Li, Od—NA analyzed at R. Agric. College, Uppsala; 
stations So—Tv at Institute of Marine Research, Helsinki; stations Au—Bn at Staatl. Landw. Versuchs- u. 
Forschungsanstalt, Grôtzingen, Baden; stations U—DB at Institut d'Hygiène et d’Epidémiologie, Bruxelles. 
Stations Vn—Ad at Statens Planteavls laboratorium, Lyngby. 


468 NOTES 


mg/m? Sol 2 ugım? (= kg/km?) 

© |mm A A pH Fe : - 7 

3 s |.eı | & [= Nal K | Mg! Ca S'Iklel scale |Nal K | Mg| ca 

8 © | 5 © er) 

= =D en Z | 

Precipitation July 1957 (D 707) Air July 1957 (L 707) 

Ta 321.27 36 3 8 Io 6 5| 17| 4.8 ol 16 * * * * * * x 
An = = hero cael ca = u 
Wee DOM 3 7 51 Sif 131027910 Sih Sul 5:5 fo) 8 
Gj 107| 52 56 al Hal 25 4 8 36| 5.6 fo) 7; —}| —| — 
Fn 46] 39 20 I 3 S24 5| 46] 5-8} 29] 14 —| — 
Fa 106) 40 18 5| 14 6 7 4| 54] 5.8 8 8 
Va 92| 69 69 (0) a ZA 7 9] 76| 5-6] 13] 11) 1.7] 4.6] 3.5] 0.6] 1.4] 0-9) 55 
ge 166| 57 18102. 1510222102701 22 6| 42| 5.1 (6) 7 ay ea = 
Ke 136| 42 | | a) Ro) 5| 61| 5.3 o 8 
Sd 100185 2110 37 2900 44| rol 12) 37) 5-0 o| 13] —| — 
Da 103| 74 ZO LON LO LOl 12 41 53] 4-7 ol 16 — — 
As 68} 69 35 ©) MA) aid ans} A zo, 877 ol 20 a z a 3 a # 
Li 71| 120] 450} 79] 46| 210] 21| 32| 48| 4.5 ol 50| 4:4|14- 1.6, 7:50 2:3 02280 
So 79| 64 43 4 2. 18) 18 ON 221107870 9| 0.0] 4.8] 17.2| 0.9| 4.6| o.0| 1.4 
Ka 49| 64 fo) 5 Se 257) IO) ON SRO, 3383 13} 0.0} 0.0] 21.5] 1.7| 1-3] 0.0] 10.0 
Ku 94| 83 71 3 3162 351.25 A 8 Si 27 6| 0.0] 27.0| 9.5| 1.0) I.0| 0.0] 2.0 
Jy 67| 45 29 6 All | 2 Al exe ao ol 11|13.3| 0-0] 6-1] o.5| 0.5| 0.8] 0.7 
Pu 83| 75 59 I 4| 55| 13 9| 49| 55| 33 7| °.0| 5-3] 14.2| 1.0| I.o| 0.0] 0.0 
Tv 54| 27 20 6 2] 50| 53 4| 43| 4-8 | 814 )27-0) — 13.210727. a eer ee 
Vn 63| 75] 100] 17] 49} 66) 25] 18] —| 5.7 ol 25 Sp | 
Gr 22 eS 38 Ol 220230. 12 4, —| 5-7 4| 37 
Od 61} 86 91| 16| 37] 44] 17 8 62] 5-4 0 24) 4-41 8.7] 0.0| 2.3) 0.9| 7.0063 
Bs 80] 96} 158] 25] 35] 109] 16) 23} —| 4.9 0 28 
Ly 6211 891) 471, 301) 421.37), 141, 23 S4t 200 27 
As 6210287101720 2. 10 RSS EG ro | CG RES OP" 2X0], Looe) ek 4.4\ 1.1)" 1.0 1.2855 
Vd 23 011 44 Op" 110832 6 4 —| 5-5 @Q| 2) — —| — 
Bl O51) OT 451 20). 3917 30) 13) 19 1,47, ©, 31 
Ty 61| 100 251030 5.65 53910225 E77 20210 5.915229 31] 3.1] 51 70104-72012 2187 
Hô 45|..72| 93), 29) 30]'125| 1311 23) 48m ol 47 
Ad 105) 53] 109| 46} 91} 82] 34] 22] —| 4.6 oOo] 33 
Ab 40] 220] 280] 32] 43] 130] 36] 29] 93] 4.6 OQ} 26 0.7| 7.9 123] 1.2) 0.7) 1-0] money 
Ed BO 7 O7 Su |e 702,500. 17 Ties es ol 29] 3-4] 3-7] 1.8]/~0.9] 0.6] 1.1] 12. 
Le 41) 170) 120) 17] 1401 34) 69) 28) 90] 5:8) 40], 37118. |7 7.717 3:0 2:0 0.722.022 
Ro 41| 98 89| 19] 20] 33} 20] 13] 69] 4.7 012231113 5.71 2.7| 2.0| 7.3.0807 
NA 38| 96| 360 920 00 120291102156 CET A Neo TT 2.310.722 WE 
Sc 525720182742 2210 2530 256 72 272 Gall A O| 21} 12.4) 10.9] 6.4| 3.4| 2.6| 0.7] 1.6 
BV 103121017 103|, AE 061° Tol) To)» 231103], 4:9 fe) 29| 8-8| 15.9| 7.2| 2.1) 1.0) 2.0520 
Bn 12503505 18717 4217 76° 2 18] 41| 274| 6.4| 51| 34| 42.8| 27.8| 15.6| 5.1| 1.7| 0.8] 2.8 
Au 73| 125 15| 34| 41 ON anid!) waa) © AO RS OF 43| 1523] 70.310 9.41 7.51, 1-2 seo] mie 
Fe 107| 98 o a Sa Hi 5 9| 53| 5-0 OMIS) 20.6], 5,2], 4.012 2.21 1.312022 
Ba 136| 126 68 al ze EC TO 22.001048 or, 1720.87 57 MA 2210031017231 one 
Ho 202| 284 121] 14] 65| 24] 65] 34| 212| 5.5 fo) 16123.4| 7.9| 5.8| 1.8] | 0.7| 0.70 
Rm iR re ur 71, or SÛR EE 4| 245| 6.5] 63] 22|26.4| 9.8| 1.0] 6.7] 0.5] 0.4) 1.3 
Et 141| 156 Ol) Billy el]! 20 5227 7\ 127| 5.9 3 1411701 &8| 4.5)" 7.0] "0.710.110 
He 
BL 
Rz 73012 251, 3210287 | el GAN 57 0718| 124) 760 700 4.3, voller sy |e! 


4 
Wi 130| 178 QI} 56| 133 3] 46| 14] 130] 6.0 Ol) U5) 2155] 2.4 724 13-11) 1-0) mort meas 
5| 30 42) 364)" 6:5 100| 23/7 8.4|13.3|. 6.0] 2.5| 22.717 ro) 
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CO,-values in Scandinavia May—July 1957. 
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Symbols used for description of weather conditions, are those, internationally used. The numbers in the weather- 
column give the cloudiness and the wind force in Beauforts. 


S. FONSELIUS F. KOROLEFF 
Intern. Inst. of Meteor., Stockholm Inst. of Marine Research, Helsinki 
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Project Shower, 


An Investigation on Warm Rainfall in Hawaii 


The following papers in this issue of Tellus 
are a collection of observational data gathered 
during “Project Shower”. In the autumn of 
1954 the United States Office of Naval Re- 
search, at the suggestion of Mr. A. H. Wood- 
cock in collaboration with Dr. E. G. Bowen 
and Mr. W. A. Mordy, made funds available 
to bring together a group of scientists inter- 
ested in different aspects of rainfall formation. 
Those who participated and the organizations 
supporting their work were 


FAS EL. 
aie ee cd | eed Hole Oceanographic 


Institute, (US As 


A. T. Spencer 
P. Squires | Commonwealth Scientific and 
J. Warner id Research Organization, 
S. Twomey} Australia. 

New Mexico Institute of 
E. J. Workman Mining and Technology, 
B. K. Seely USA, 


E. A. Amman: U. S. Weather Bureau. 

E. Eriksson: Institute of Meteorology, Uni- 
versity of Stockholm, Sweden. 

BEE + Junge: US. Cambridge Air Force 
Research Center. 

V. J. Schaefer: Munitalp Foundation, U.S.A. 

W. A. Mordy Pineapple Research Institute of 

Pea Eber Hawaï, Hawaiian Sugar 

D. S. Johnson Planters’ Association, and Ter- 
er: ritorial Cattlemen’s Council 


A rather detailed narrative account of ’’Pro- 
ject Shower” has appeared earlier in NATURE, 
(Vol. 175, p. 748, April 30, 1955.) and the 
reader is referred to this for a general statement 
on the background of the project. It will 
suffice here to say that it was the purpose of 
this group to gather a body of time and place 
related information consisting of such cloud, 
rainfall, and atmospheric measurements as are 
indicated by the titles of the articles included 
here. Measurements such as these were for the 
most part already available for separate con- 
ditions, but no single working group in cloud 
physics had been formed and equipped to 
gather such information at one place and time. 
“Project Shower” was conceived as a means for 
obtaining measurements which could acquire 
extended meaning as they were studied in 
relationship to each other. 

The following papers are presented in order 
to provide those interested in cloud physics 
research with the basic data collected during 
the interval of study. There has been little 
attempt here to draw conclusions from these 
data, but rather, they have only been put 
together in usable form. Several analytical 
studies based on these data have been published 
in Tellus and elsewhere, and others are awaiting 
publication in subsequent issues of Tellus. 


The Editor. 


1 Booklets containing reprints of all papers belonging to Project Shower can be ordered from the price of 


Supa 1.75. 
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Geographic and Climatic Notes on the Project Shower Area 


By W. A. MORDY 


International Meteorological Institute in Stockholm. 


The Saddle Area on the Island of Hawaii 
was chosen for Project Shower because its 
climatic and geographic characteristics are 
particularly suitable for cloud and rainfall 
measurements. Nearly all of the observations 
and measurements in the pages which follow 
were made in this area or in the air just to 
windward of it. A brief description of the 
terrain and climate is offered here as an aid to 
the reader. 

The name Saddle refers to the col region 
between Mauna Loa (13,680 ft) and Mauna 
Kea (13,784 ft). On the windward slopes of 
these two large mountains, orographic rainfall 
is a frequent occurrence (circa 250 days/yr), 
nearly as frequent as the tradewind conditions 
which characterize the flow patterns in this 
part of the Pacific Ocean. Rain falls from 
clouds which form during the day as the 
tradewinds aided by a sea breeze component, 
flow up the relatively gentle slopes. (Approxi- 
mately 1 : 20 through the col and at cloud base 
level near the mountain bases, and character- 
istically 1:7 near the mountain tops) For 
typical wind conditions, air rising up these 
slopes, independent of convection, would rise 
at the rate of only 10 to 20 cm/sec. An account 
of the tradewind-seabreeze regime which 
influences the climate of this region has been 
given by LEOPOLD (1949). 

In fig. 1 the general characteristics of the 
region are shown schematically. The cloud 
bank, shown as a continuous cloud sheet, is 
usually made up of many individual clouds 
for which this schematic cloud would form 
an envelope. However, even such conditions 


MAUNA LOA 
4172m 
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Fig. 1. Schematic map of the Island of Hawaïi showing 

the main orographic cloud which was studied during 

Project Shower. Dotted lines under cloud show road 

systems along which many of the measurements were 
made. 


as pictured are not unusual. The two roads 
shown on the location map in fig. 2, along 
which special raingages were placed during 
the project and along which many other 
measurements were made in the course of the 
work, are shown as dotted lines under the 
cloud. The Hilo airport and Club 299, head- 
quarters for the work, are just east and south 
of the City of Hilo. The radiosonde balloons 
are released from the U.S. Weather Bureau 
Station at the airport. Pilot balloon ascents 
given in the appendix were made mainly 
along the coastal roads shown. 

Average annual rainfall for this region is 
given in fig. 3 a and the reader may find it 
interesting to compare the daily patterns, 
during the project as given in the appendix 
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Fig. 2. Location map of Project Shower. Map shows the location of the special raingages (Cy, C2, etc.), extra 
wind observations (Mountain Viev Pibal etc.), Camera locations and other observations mentioned in the reports 
and appendix. 
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Fig. 3a. Average Annual Rainfall in inches for the 
Island of Hawaii. 
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Fig. 3b. Twenty-four hour rainfall for Kulani road 
raingages. Length of bars represents percentage of maxi- 
mum rainfall measured. Gage number correspond to 
those on location map preceded by the letter »C». Black 
areas show topographic profiles along the Kulani road. 


with this annual pattern for their surprisingly 
consistent similarity. A typical daily rainfall 
gradient, measured during the project is given 
in fig. 3b to demonstrate how consistently 
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Fig. 4. Cross-section through Hilo (far left) and Mauna Loa-Mauna Kea saddle showing typical position of 
orographic cloud. Projection of Mauna Loa profile on cross-section is indicated by dashed line. 


the rainfall decreases toward the crest of the 
Saddle area. Maximum rainfall corresponds 
roughly to maximum cloud thickness although 
both cloud base and cloud top rise toward 
the leeward edge of the cloud (fig. 4). 

One of the advantages for study of this 
cloud was the fact that it has, essentially, four 
fixed boundaries, i.e. the mountain slope at 
cloud base, Mauna Loa at the south, Mauna 
Kea at the north, and the tradewind tempera- 
ture inversion at the top (fig. 1, fig. 4). The 
tradewind temperature inversion is not a 
plane surface near the mountains but is dis- 
torted by the wind and the clouds curving 
upward 1,000 ft or more depending on con- 
ditions ouch the mountains and the col area. 

A second advantage, and a very important 
one for this work, was that here was an oro- 
graphic cloud of sizable dimensions which, 
because of smooth terrain, could be flown 
through at low elevations by aircraft. The 


flights as described by Squires and Warner 
were made, for the most part, on a path 
which lay roughly over the Saddle toad 
shown in the schematic diagram and location 
map. 

It has been mentioned that cloud thickness 
and rainfall decrease as one moves inland. This 
is also true of the average raindrop size (see 
Blanchard and Spencer) and the amounts of 
dissolved material in the rainwaters (see 


- Eriksson). 


In combination, then, these features provide : 
some striking advantages for rainfall research 
as they offer near laboratory conditions for | 
the measurements described in the pages that : 
follow. 


RERERÆEINICE: 
LEopoip, L. B., 1949: The interaction of trade wind : 


and sea breeze, Hawaii, J. of Meteorology, 6 pp.) 
312—320. 
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Some Measurements in the Orographic Cloud of the Island of 
Hawaii and in Trade Wind Cumuli 


By P. SQUIRES and J. WARNER, Division of Radiophysics, C.S.LR.O., Sydney, Australia 


(Manuscript received November 22, 1956) 


Abstract 


Aircraft observations were made of the liquid water content and droplet spectra in the oro- 
graphic cloud of the windward (eastern) side of the Island of Hawaii and in trade wind cumuli 
offshore. The orographic cloud showed a number of remarkable features, some of which can 
be related to its mode of formation and to its general behaviour. 


I. Introduction 


During Project Shower, from October to 
early December 1954, measurements were 
made of the liquid water content and droplet 
spectra of clouds near Hilo, the capital of the 
Island of Hawaï, the south-easternmost of 
the Hawaiian Islands (Figs. ı and 2). Obser- 
vations were taken in trade wind cumuli over 
the sea off Hilo and in the orographic cloud 
which usually forms on the eastern slope of 
Hawaii when the trade wind blows. More 
importance was attached to the measurements 
in the orographic cloud, for the rain from it 
was being studied simultaneously by other Fig. 2. Eastern Hawaii, the site of Project Shower. 
participants in Project Shower. 


2. Description of the orographic cloud 


When the trade wind was fairly strong, the 
orographic cloud usually reached unbroken 
from the coast, or a mile or so seaward of it, 
right up to the Saddle between the two 
volcanoes Mauna Kea and Mauna Loa (see 
Fig. 2). Its top coincided with the base of the 
trade wind inversion. Fairly typical examples 
of the cloud system are shown in Photos 1 and 
2. At the coast the top was most often around 
6,000 ft., although on one day, December 2, 


Fig. 1. The Hawaiian Islands. 
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Photo 1. The orographic cloud over the land on 6 November 1954. The photograph was taken at 1610 hours 

looking west from an altitude of 10,000 ft when the aircraft was about 10 miles west of Hilo. Mauna Loa, 

left centre; the southern slope of Mauna Kea into the Saddle is just visible on the right. The broad cloud field 

beyond the Saddle is not a part of the orographic cloud; the clear lane in the Saddle between the two cloud 
masses cannot be discerned here. 


(b) 


(c) 


Photo 2. The top photograph shows the seaward cloud, on 7 November 1954, looking east from a height of 
10,500 ft, when the aircraft was just over the coast at 1454 hours. The middle photograph shows the oro- 
graphic cloud, looking west towards the mountains, from the same position and at the same time. The lower 
photograph shows the clear lane in the Saddle area which on this occasion was about 2 miles wide and ran 
across from Mauna Loa to Mauna Kea without a break. The camera was facing approximately south-west when 
this photograph was taken at 1505 hours from an altitude of 10,500 ft. at a position a few miles east of the Saddle. 


THE OROGRAPHIC CLOUD OF THE ISLAND OF HAWAII 


it was at 11,000 ft. At the Saddle the top was 
usually a little over 2,000 ft. above ground 
level, that is, about 8,500 ft. above sea level. 
Cloud base at the coast was equal to that of the 
seaward cumuli, which were most frequently 
based at 2,000 to 3,000 ft. The height of the 
base above sea level increased slowly at first 
as the cloud approached the mountain, until at 
some 10 miles from the coast the cloud ap- 
peared to touch the ground. However, ob- 
servations on the ground showed that the cloud 
rarely came lower than so ft. anywhere on 
the mountain slope, at least during the day. 
The cloud sheet lay around the upper flanks 
of Mauna Kea and Mauna Loa, though on 
the Mauna Kea slopes in the vicinity of the 
cinder cone Puu Oo it did not run right up 
to the mountain slope, but broke up into 
dissolving flocks a mile or short of it. 

The nature of the top surface of the oro- 
graphic cloud varied somewhat from day to 
day. On some days, it was quite smooth in the 
coastal region, but had a bubbly appearance 
towards the Saddle. On others, there were 
small irregularities up to one to two hundred 
feet in height near the coast, with rather larger 
irregularities towards the Saddle. Sometimes 
the transition between the relatively smooth 
cloud top of the coastal region and the more 
irregular cloud top of the Saddle region was 
fairly sharp. This sharp transition, when it occur- 
red, was associated with a sudden increase in 
the slope of the cloud top towards the Saddle. 

Near the Saddle, the irregularities in the top 
surface of the cloud were commonly several 
hundred feet. In the Saddle itself, the top surface 
descended sharply at an average slope of per- 
haps one in one; its general appearance here 
was that of evaporating strato-cumulus. The 
orographic cloud terminated usually a mile or 
so west of the cinder cone Puu Huluhulu, the 
base then being 100 to 200 ft. above the ground. 
In the afternoon the western side of the Saddle 
was filled by a mass of cloud of quite different 
character. Its base was comparatively sharp at 
200 to 300 ft. above ground, and its top was 
always higher than that of the orographiccloud. 
It terminated in the Saddle in a vertical wall, 
the detailed structure of which resembled that 
seen in the sides of an active cumulus. The top 
was moderately level with irregularities of less 
than a thousand feet. Its whole appearance 
indicated that it formed in a zone of air which 
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was rising vertically at a moderate velocity and 
it appeared to be quite turbulent. This cloud 
was absent in the morning. Between the two 
cloud masses there was always a clear lane some 
two miles wide running across the Saddle close 
to and in the direction of the line joining the 
two peaks. Sometimes this lane ran clear across 
from the upper slopes of Mauna Kea to those 
of Mauna Loa, but more often cloud blocked 
off the end towards Mauna Loa some five 
miles south of the Saddle road. 

On most occasions two regions could be 
distinguished during flights through the 
orographic cloud. The dividing line between 
these regions was usually about half-way 
between the coast and the Saddle. In the upper 
region near the Saddle, the cloud seemed 
visually to be of very uniform consistency, 
and there was little or no turbulence. In the 
lower region the cloud, although stratiform 
when seen from above, as seen from within 
became more and more cumuliform in the 
direction of the coast and the turbulence in- 
creased. Near the coast, distinct cumuli ap- 
peared with clear spaces between them, but 
their tops were still embedded in the strati- 
form cloud above. This change in the character 
of the cloud is indicated clearly in several of 
the liquid water content traces. 

It will be noticed that the tendency for the 
cloud to become more cumuliform and turbu- 
lent towards the coast belies the appearance of 
its top surface as described earlier. An inspection 
of the upper surface would usually have led 
one to expect a more cumuliform and turbu- 
lent region towards the Saddle, contrary to 
what was actually found during the flights 
through the cloud. 


3. Observational procedure 


On the days on which the orographic cloud 
was studied, the flight procedure consisted 
initially of a climb in clear air between the 
seaward cumuli some ten miles east of Hilo to 
a height somewhat above cloud top. During 
the climb, measurements were made of temper- 
ature and humidity. The aircraft then flew in 
towards the Saddle, often climbing on the way 
to keep above the cloud. On arrival over the 
Saddle area a sounding was made while the 
aircraft circled down to as low a height as the 
pilot considered safe. This height depended on 
the width of the clear lane and on turbulence, 
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Fig. 3. Typical flight path on a day when runs were made through the orographic cloud at ground clearances of 

2,000 and 1,000 ft. (Actually, for the flight on 6 November 1954 between 1445 hours and 1745 hours local time.) 

The flight commenced with two runs through a small cumulus over the sea, followed by a temperature and 
humidity sounding in clear air from the sea surface to 10,000 ft. 


which was sometimes severe near the ground, 
but the ground clearance was seldom reduced 
below 500 ft. As the volcano slopes are gradual 
and uniform it seemed best to make the 
observing run through the orographic cloud 
at constant ground clearance as determined 
from a radar altimeter. It was found possible 
to hold the ground clearance to within 100 ft. 
of the desired value most of the time. Most 
often, runs were made at 1,000 and 2,000 ft. 
above the ground; on 2 December, the day 
when the cloud was much deeper than usual, 
they were made at 2,000, 4,000 and 6,000 ft. 
ground clearance. The aircraft track com- 
menced in the clear lane and ran through Puu 
Huluhulu to Hilo Airport. It thus passed 
roughly over the line of the Saddle road. The 
indicated aircraft speed was held at 120 knots 
during the whole run resulting in a rate of 
descent or roughly 700 ft. per minute. At the 
completion of a run through cloud a climb 
was made in clear air off the coast and the pro- 
cedure was repeated. The flight path for a 
typical run and a typical cloud configuration 
are shown diagrammatically in Fig. 3. 
Observations in seaward cumuli were made 
in horizontal passes, usually at 500 ft. intervals 
of height, and in alternate directions. On most 
occasions a temperature and humidity sounding 
was performed in the vicinity of the cloud 


being studied. 


4. Apparatus 
(a) Cloud droplet spectra 


The equipment used for measuring cloud 
droplet spectra has been described by Squires 


and GILLESPIE (1952). This method uses a glass 
rod 3 mm in diameter which is exposed to the 
cloud outside the co-pilot’s window for about 
a thirtieth of a second. The volume of air 
sampled by the rod is about 50 cc. The rods 
were coated with a layer of soot. 

The calibration of this method will be 
described elsewhere. At the speeds used, in the 
drop diameter region d=200u down to 
d= 20, the ratio of the diameter of the hole in 
the soot layer to that of the drop is about 4, 
decreasing slowly with drop size. Below 
d=2ou, the ratio begins to decrease much 
more rapidly, reaching a value close to 1 at 
d=2u. Above d= 20, the probable error of 
the method is about 5 % in diameter; below 
d=15,, the probable error appears to be about 
SUNG 

(b) Liquid water content 

The instrument used for measuring cloud 
water content has been described by WARNER 
and NEWNHAM (1952). It depends for its 
operation on the effect of moisture on the 
electrical resistance of paper. A continuous 
record of liquid water content is obtained by 
measuring and recording the electrical re- 
sistance of a paper tape which has been moved 
past a narrow slit, open to the airstream, where 
it is moistened by the cloud droplets. The 
instrument collects more than 90% of the 
liquid water for the drop size distributions 
encountered in Hawaiian clouds. By a suitable 
choice of tape speed, liquid water contents 
ranging from 0.05 to $ gm m? can readily be | 
measured. The accuracy is considered to be of | 
the order of + 20%, and the instrument is | 
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capable of recording liquid water variations 
extending over a few hundred feet. Narrow 
regions of liquid water may be detected but 
their magnitude is generally not faithfully 
recorded, due to smoothing in the instrument 
as described by Warner (1955). For example, 
in a cloud of average liquid water content 
I gm m Ÿ, a peak 100 ft. across rising to 2 
gm m? would generally be indicated by a peak 
broadened to 400 ft. and of 1.4 Gin ain > 
maximum value. 


(c) Synchronization of the data 


The chart recorder used to record liquid 
water content was also used to obtain traces of 
pressure altitude as a function of time, and one- 
minute time marks were similarly recorded. 
In addition the time marker pen could be actu- 
ated simultaneously with the exposure of a 
cloud droplet sampling slide. Errors of timing 
of up to three seconds arose from various 
sources. This must be borne in mind when 
the liquid water contents found from the 
droplet spectra observations are compared with 
the continuous trace of liquid water content. 


Table 1. Cloud droplet spectra 2 November 1954 
See fig. 8 for positions and heights of the samples 


Symbols 
S = identification of sample; d,, d,, de, d3, dy = 
minimum, first quartile, median, third quar- 
tile and maximum droplet diameters in mi- 
crons respectively; 


n = concentration of droplets cm #; 


w= liquid water content g m”? deduced from 
spectra 


iS; d di dy dg dy 


m 


N | w 


Orographic cloud at a ground clerance of 
1,000 ft. 


a 5 I4 21 312 E130 1791 0:368 
b 2821 #317 34811037 1 152 1012440. 52 
G 12 28 36 39 52 2720 0.47, 
d 201 083110301] 0401| 1°45 ZA U.27 
@ 5 II 15 22 39 4092 0.13 
f 5 8 10 12 21 56 | 0.05 
8 5 # IT 19 39 | 135 | 0.32 
h 5 II 12 29 WE SiG) || tenes 
1 15 20 21 24 28 58 | 0.33 
j 9 19 22 24 39 ZU 031 
k 25 32 34 36 | 165 20 | 0.64 
1 5 21 27 39 | 168 1714180752 
m 2 29 2 49 91 NEC 
n 5 29 44 002 0127 6 | 0.59 
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5. Results 
(a) Cloud droplet spectra 


Tables 1 to 6 give the results of the measure- 
ments in the orographic cloud; tables 7 to 13 
give the results for seaward cumuli. The spectra 
are specified by giving the values of the first 
quartile, median and third quartile diameters, 
and the maximum and minimum diameters. 
In addition, the total droplet concentration and 
the liquid water content deduced from the 
spectra are given. The maximum and minimum 
diameters are those found in a sample of 
about 30 cc of air. The minimum diameters 
are only approximate, because a rather large 
interval was used in evaluating these broad 
spectra, namely 14.7 microns in hole diameter. 
This corresponds to a droplet diameter interval 
of about 3.5 microns on the average. As a 
result of the decrease in ratio of hole diameter to 


Table 2. Cloud droplet spectra 6 November 1954 


See fig. 9 for positions and heights of those sam- 
ples which are identified by a lower case letter* 
dy 


ds dy 


oe 


Ss | d,, | di 


(for meanings, see table 1) 


Orographic cloud at a ground clearance of 


2,000 ft. 
a 5 12 17 24 35 79 | 0.407 
b 9 16 20 24 39 89 | 0.50 
© 172 1077 22 26 39 | 153 | 0.96}! 
d 5 II 15 22 32 28 | o.09| 
e 5 II 14 18 28 50 | o.12| 
f 5 12 15 19 35 81 | o.20| 
g No droplets found 
h » » » 
i » » » 
j all REA gil e2atl 728 zor" 5 
k No droplets found 
Il » » » 
Orographic cloud at a ground clearance of 
11K0X0Xo) Ah, 
a | 9 12 15 17 2498212020 
b 9 Io de 12 24 521032023 
c 9 12 14 15 || a ||| ot 
d 5 7 8 10 109 53259 20472 
e No droplets found 
f » » » 
g 9 12 14 15 254 72222 0052 
h 5 Io 13 7 284172208 20:33 
i No droplets found 
J* 9 | 9 | IT 12 2100307. |) 0.22 
K* 5 5 6 9823923742 8020 


* Samples identified by upper case letters: po- 
sition of sample on liquid water trace not known. 
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Table 3. Cloud droplet spectra 7 November 1954 
See fig. 11 for positions and heights of the samples 
p. m. : 


dz y N | w 


S | dn di | da 
(for meanings, see table I) 


Orographic cloud at a ground clearance of 


1,000 ft. 
a 5 29 36 CVA ees) 992029 
b 5 30 36 40 | 118 8270.20 
c 5 1172 33 52 88 32 20215 
d 18 34 39 47 | 142 16 | 0.89 
© 18 46 53 60 | 100 TION 
f 5 55 75 89 | 115 4. | 0.28 
g 12119 46511153 15512100 4 | 0.37 
h 15 40 52 57 | 106 10 | 0.75 
i 25 | 43 | 52 | 57 | 130 7 | 0.70 
J 9 33 35 59112180 5) || 0-32 
k 5 9 15 19 42 II 0.05 
1 18 40 53 65 B127 3 1MN0:35 
m 5 15 23 35 | 106 9 | 0.34 
n 9 32 40 55 OI 0220.23 
(e] 9 36 53 60 84 1118027 
p 18 31 33 36 78 18 | 0.45 
q 187 026) 19300 0833310 42, 8374 12.0:53 
1 5 Ti 15 16 28 2 || Osi@ 


Orographic cloud at a ground clearance of 


2,000 ft. 


a 15 28 35 40 55 24 | 0.58 
b 18 31 36 39 52 16 | 0.41 
© 21 33 36 39 59 LOU OS2 
d 23110 4224106491 3534.09 So 0-33 
e 12 19 20 52 | 130 EY || OES 
f PAI 42 46 49 62 7302073 
g 12 I4 18 29 | 130 ONMO TC 
h 5 12 18 23 84 By || xo 
Table 4. Cloud droplet spectra 30 November 1954 


No corresponding figure shown 
S PAPAS EMA 
(for meanings, see table 1) 
Orographic cloud at a ground clearance of 


2,000 ft. Heights of samples range from 8,500 
ft for sample A to 4,400 ft for Sample J. 


A 9 10 II 12 lite) ie O.II 
B 5 24 28 30 69 53 | 0.62 
C 5 14 19 40 69 21 | 0.38 
D 5 12 16 19 68 7 || Oxo? 
E 181 4614941055 11072 8 | 0.44 
F 15 28 36 53 69 4970.20 
G 12 25 39 45 72 34 20.16 
H 12 21 25 29 39 23 || “Gy 
I 9 26 27 29 42 46 | 0.55 
il 5 II 15 19 25 Sy || 27) 


P. SQUIRES AND J. WARNER 


re | mes dy ||» 


(for meanings, see table 1) 


Orographic cloud at a ground clearance of 
1,000 ft. Heights of samples range from 7,800 
ft for sample A to 5,500 ft for sample I. 


A 12 26 28 40 65 16 | 0.36 
B 9 13 14 19 42 21 | 0.07 
© 18 31 33 36 42 41 | 0.63 
D 12 23 29 33 42 51 | 0.53 
E 18 spi 28 30 55 14 | 0.16 
F 9 23 26 29 52 39 | 0.49 
G 5 8 | 13 |; 17.| 39 | 74 ere 
H 9 10 II 16 49 73 | 0 
it 9 9 Io II 25, 71132 2002 
Table 5. Cloud droplet spectra 2 December 1954 


See fig. 12 for positions and heights of those sam- 
ples which are identified by a lower case letter* 
d2 


ds d M 


|Z 


Sialic: 
(for meanings, see table 1) 


Orographic cloud at a ground clearance of 


6,000 ft. 
a 9 19 34 67 | 109 2_| 0526 
b 2 21 22 30 62 2 | 0.01 
€ 9 5I 59 76 | 100 I 0.12 
d 9 22 38 5290127 4 | 028 
e 12 44 54 64 | 148 4 | 0.48 
if 9 24 38 50 | 159 4 | 0,97 
g No droplets found 
He 9 117 25 AI | 124 7 | 027, 
db 25 | 41 69 82 97 3 | 0.52 
Same cloud at a ground clearance of 4,000 ft. 
a 28 46 50 57 84 3 | 0.26 
b 12 26 47 63 | 159 2. | 7039 
c 45,| .54 | 67 | 64 | 745 2 | 0.33 
d 62 79 Oley |p ne 159 I | 0.50 
e 25 27 29 33 | 142 35 |) O34 
f 28 48 52 58 | 145 3 | O3 
g 35 ly 45) | “5 or row 3 | 0.39 
h 15 37 51 67 | 136 5 | 0.59 
i 12 30 39 5I | 103 3.| 0.43 
j 9 20 30 AS 6127 2 | 0: 
k 5 16 28 48 | 139 13 | 0.39 
l 9 19 27 40 84 24 | 0.57 
m No droplets found 
n » » » 
O » » » 
p » » » 
Same cloud at a ground clerance of 2,000 ft. 
a 1501927. 037 COUR 5 2 | 0:09 
b 5 Io 13 15 | 145 3.| 0.29 
© 28 47 53 69 | 118 2. | 0.29 
d 9 17 23 47 | Ioo 2 | ‚0.20 
e 5 15 23 3044130 3 | 0% 
f 25 40 46 52 | 106 4 | 0.33 
g 5 12 14 16 25 6 0.01 
h Gi) 2% || 27 34 52 5 | 0.08 
i 9 22 26 32 62 8 | 08 
jr ea Si) areas eG etre 7 | 0.01 


* Samples identified by upper case letters: these two samples were taken just offshore after the liquid | 


water content meter had been stopped. 
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Table 6. Cloud droplet spectra 3 December 1954 

See fig. 13 for positions and heights of those sam- 

ples which are identified by a lower case letter* 

ae ee SS EE À 
S | a, | dı | dy ds dy n | w 

Al u Als I FE ee | ees eee 

(for meanings, see table 1) 

ee FE I EI u 

Orographic cloud at a ground clearance of 
2,000 ft. 


a No droplets found 

b 15 17 20 27 45 Ir | 0.08 
c 2811 052.11033:1497 1.05 5 | 0.13 
d zZ, 3241 49» 19:72 12245 3 | 0.93 
e 15 26 28 32 49 56 | 0.77 
f 5 14 18 22 68 15 | O.I1I 
g 3) PO 275 |) Boel) ae | Gy |) ore 
h 5 12 14 16 18 49 | 0.07 
i No droplets found 

j » » » 

k » » » 

1 » » » 

m > eo [re Sfr 0 (] 61.0.19 
n No droplets found 

Same cloud at a ground clearance of 1,000 ft. 

a 9 27 32 38 | 124 ue) | 5/5 
b 5 25 33 52 | 168 290,03 
c 12 24 28 33 | 159 ©) || Ose 
d 9 15 18 19217972 14 0.20 
e 12 35 63 76 || 124 5 | 0.68 
f 12 35 52 59 | 130 10 | 0.86 
g 12 25 46 69 88 2 O 
h 28 38 45 520 ers, 3) 87 
i 18 28 33 38 62 6 | o.15 
ie 9 15 18 ZT 32 A | Se 
IE 5 II 14 17, 42 36410 10 


Table 7. Cloud droplet spectra 23 October 1954 


See fig. 15 for positions of those samples which 
are identified by a lower case letter* 
Successive passses through a moderate seaward 
cumulus at various levels 


SE 


ds dy 
(for meanings, see table 1) 
Height (ft): 3,250 
a 15 iy 19 20 28 93 | 0.34 
b 15 17 19 ZT 28 Aint ORTS 
c No droplets found 
d 18 25 27 29 32 99 1.00 
e 5 14 16 21 35 5O))| 10:22 
Height (ft): 4,250 
a No droplets found 
b » » » 
c 15 2 23 27 32 64 0.35 
d 25 29 31 34 42 38 | 0.66 
e 5 ua 18 28 39 Ee) || oszp 
wtf No droplets found 


* Samples identified by upper case letters: po- 
sition of sample on liquid water trace not known. 
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S | dr | dy | dy | ds dy N | w 
(for meanings, see table 1) 
Height (ft): 4,750 
a No droplets found 
b 25 28 30 31 35 58 | 0.86 
Cc 15 26 28 32 42 TAG | £506 
Height (ft): 5,250 
a 28 | —| 80 | — | 154 | 03] 0.34 
b No droplets found 
c 5 21 30 | 41 55 17418057 
d 5 12 17 20 39 309 20572 
e 28 32 34 36 42 SANT T4 
Height (ft): 5,750 
a] Sale sol en] ar | 525) STRESS 
155 No droplets found 
(Ce » » » 
D* AE eke ces) CT Toye || awa 
E* 5 | 30 || Sit 332 u@ | Mey || mao 
ENS 105441 551504421005 00020 
Height (ft): 6,250 
NE 5 PT 25 34 52 28 | 0.46 
B* 9 14 16 18 35 yey IRON 
C* Qi 2h) SUN 20 )) 5511 24) 57 
Ds 5200234102255 3,70 2595 751 Er 40 
E* 9123 | 28.) 34 | 39 4 | 0.25 
pt 9 16 20 25 39 5 0.03 


Table 8. Cloud droplet spectra 2 November 1954 


No corresponding figure shown 
Small seaward cumulus subsiding during sampling 


N n | w 


er ie 
(for meanings, see table 1) 


Height (ft): 2,500 


A 5 Io 13 19 62 ZT 0.08 
B 5 9 ne 19 52 | 215 | 0.64 
C 5 14 7 19 2547 0:36 
D 9 15 17 19 22 7 || 8) 
E 5 12 16 23 32 86 | 0.34 
F 5 8 12 19 35 29 | 0.09 


Table 9. Cloud droplet spectra 6 November 1954 
See fig. 16a for positions of the samples 


El. n | w | 


FALSE iy 
(for meanings, see table 1) 


Small seaward cumulus. 


Height (ft): 1,800 
a 5 9 Ir 13 21 63 0.05 
b 9 ii 18 19 28 Aa Oil 
® 9 16 17 19 35 55 0.18 
d 15 17 18 19 210 775520 8045 
e 15 17 18 19 Pa | sig) | NO AA 
f 12 17 18 19 28 74 | 0.25 
g 12 18 20 22 28 82 | 0.38 
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a, | | » 


| S | Gin di de ds 


(for meanings, see table I) 


Similar cumulus with some light rain. 
Height (ft): 1,800 


h No droplets found 
i 12 16 19 21 28 85 | 0.37 
j 9 16 19 Pit 28 28 Onn 
Similar cumulus with some light rain. 
Height (ft): 2,400 
a 15 24 27 31 3241017225 8034 
b 9 16 21 27 32 94 | 0.57 
c 15 25 27 29 35 WS || RS 
d 2A 25 27 29 35 87 | 0.94 
@ 15 23 25 28 35 80 | 0.72 
f 5 13 18 23 39 52 | 0.24 
g 9 17 2I 25 35 2A 0,16 
Similar cumulus, with light rain. 
Height (ft): 2,400 
h 9 17 20 24 35 30 | 0.17 
i 9 20 22 25 35 WP || Owe 
j 25 ee a 9 | Fat Be R Er 


Table 10. Cloud droplet spectra 7 November 1954 


No corresponding figure shown 


> rare ds | dy |» | w 
(for meanings, see table 1) 


Isolated layer of stratus near coast. 
Height (ft): 5,100 


A 15 30 35 40 62 24 | 0.62 
B 5 6 14 21 32 OùRO:02 
C 28/0033 SSSR a0 uno | 22>) 0:35 
D 18 41 48 52 72 6 | 0.41 
E 18 | 341 37 | 42 | 84 | 24 | 0,53 
F 15 23 28 32 42 36 | 0.46 
G 5 9 12 15 25 66 | 0.09 


Table 11. Cloud droplet spectra 26 November 1954 


See fig. 16b for positions of those samples which 
are identified by a lower case letter* 


RIESE: 


ds dy 
(for meanings, see table 1) 
Small seaward cumuli. 
Height (ft): 4,000 
Tee: 9 14 15 16 184 017.179 20.31 
Be 5 12 14 15 18 97 | 0.15 
c 5 12/14 | 15 | 25 | 150 | 0.23] 


] * Sample identified by an upper case letter, taken 
in the first run at 4,000 ft: positions on liquid 
water trace not known. 
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dy | n | w 


Ep ou po re es 


(for meanings, see table I) 


Moderate seaward cumulus (fairly turbulent, 
with light rain towards end of run). Liquid 
water trace not shown. 


Small seaward cumuli | 
Height (ft): 5,000 
a No droplets found 
b » » » 
© 5 I4 Wy 19 28 73 | 0.20 
d 5 Io 13 16 32 26 | 0.04 
e 5 me 15 18 25 57° | Osea 
ii 5 8 II 15 21 12 | 0:08 
g 5 Io 14 18 28 82 | 0.16 
h No droplets found 
i 5 | "+12 [17 || “20 | 28 | 06711802 
Small seaward cumuli. 
Height (ft): 6,000 
a No droplets found 
b 18 Hot aA || 2 || ae | 111 | 0.84 
Cc 12 23 25 28 39 | 101 | 0.88 
d No droplets found 
e » » » 
f » » » 
g nig || 26 | 27 \| 2) |b 38 | 176) |.1075 
h 12 25 27 28 35 | 13729236 
i No droplets found 
Height (ft): 7,000 
A 12 21 26 29 49 66 | 0.66 
B 9 21 25 28 62 79 | 0.74 
© 9 22 26 32 45 58 | 0.71 
D 18 25 28 30 49 82 | 1.00 
E 9 20 26 31 42 71 |) Om 
F 12 19 23 28 42 | 1270482024 
G 12 22 27 31 35 57 | 0:04 
H 12 25 28 31 39 | 128 1.50 
I 15 25 29 31 42 62 | 0.79 
J 15 28 31 34 42 | 164 | 2.69 


Table 12. Cloud droplet spectra 1 December 1954 


See fig. 17 for positions of those samples which 
are identified by a lower case letter* 


S | a. a, | dy 


ds a, | n | w 


(for meanings, see table r) 


A seaward cumulus. 
Height (ft): 5,600 


a 5 24 28 B2 39 | 107 | ince 
b 1172 23 27 30 39 20 | 0.20 
c 15 26 29 32 39 20 || 0:25 
d 9 15 23 28 39 14 | om 
e 12 21 26 29 39 Io | 0.10 
f 12 25 29 32 42 20 | 0.26 
g T2 23 26 27 42 5 | 0.06 
h 5 9 16 25 35 13 | 0.05 


* Samples identified by an upper case letter: po- 


sition of sample on liquid water trace not known. | 
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er 
me aes 


n | w 
(for meanings, see table 1) 
ee EE ee à 


Several small cumuli. 
Height (ft): 5,600 


1 5 12 15 23 35 24 | 0.09 
j 15 24 28 31 42 42.180,50 
k 15 26 29 32 42 27. 7.0.37 
1 5 15 19 23 32 8 | 0.04 
m 12 26 29 32 42 DON MOT 
n 12 20 24 28 39 172 12.0.1010 
fe) 12 19 26 29 35 II 0.10 
p 9 20 23 28 35 278 50.23 
q 12 24 27 30 39 21212023 
Several small cumuli. 
Height (ft): 3,800 
a 9 14 16 18 21 19812028 
b 12 21 24 25 32 88 | 0.61 
Cc 2 20 22 25 32 72400:78 
d 9 18 22 26 32 34 | 0.20 
e 12 20 23 25 32 2 0.16 
f 12 21 24 26 35 60 | 0.43 
Gt 15 19 22 24 28 59 | 0.32 
ET* 15 19 22 25 32 ASN O.27 
i 15 19 22 25 32 95 | 0.56 
J* 9 17 18 20 28 21 00207, 
EG 5 17 18 19 25 324 10:09 
l 12 19 21 24 28 73 | 0.39 
M* 5 10 12 13 25 55 | 0.07 
n 12 15 7, 19 25 83 0.25 
O* 15 19 DE 23 35 | 120 | 0.62 
124 9 15 18 23 35 69 | 0.29 
DE 15 2077 18 20 32 24 | 0.09 
I 5 II 16 18 25 Sy) || xr) 
Se 9 17 18 19 25 374 eOnLE 
Ir 5 Io 13 16 2T T4 || 0.02 
u 5 12 16 20 35 50 | 0.14 
Ve 9 14 17 Dh 42 | IOI 0.35 
Nike Q |) WA |) CANON SE ee 
Be 12 17 19 21 28 81 0.29 


Line of small cumuli about 1,000 ft in depth. 
Height (ft): 3,200 


a 12 16 19 22 28.175. | 0.46 
BS 9 14 16 18 39 7A OL LO 
c 9 15 17 19 32 BAU Ovni) 
d 5 14 16 18 39 29 | 0.07 
e 9 14 15 16 22.1188 | 032 
f 5 10 12 15 28 208002 


Table 13. Cloud droplet spectra 3 December 1954 
No corresponding figure shown 


N | w 


: S | du | di | de ds dy 


(for meanings, see table 1) 
Several small seaward cumuli, bases 3,000 ft; 


tops 4,000—4,500 ft. 
Height (ft): 3,900 


A 5 II 15 18 
B 5 II 


15 18 
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0.02 
0.05 


28 8 
25 26 
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aia. 
(for meanings, see table 1) 

© 9 17 18 20 25 | I99 | 0.70 
D 5 14 7 22 28 42 Eon 
E 1172 20 21 23 25 52 | 0.26 
F 5 18 23 27 55 | 108 | 0.80 
G 15 21 23 25 32 81 | 0.54 
H OUR Sl 2a 27 IRAN SL 


droplet diameter with decreasing drop diam- 
eter, the interval of droplet diameter be- 
comes slightly larger at very small sizes. As a 
result, the smallest droplets are all grouped in 
the interval 3.1 u <d<7.1 4. When, therefore, 
droplets in this lowest range were observed, 
the minimum diameter is quoted as su. 


In the tables the samples are identified by a 
letter. Lower case letters indicate that there is 
a corresponding point plotted on the liquid 
water content trace, identified by the same 
letter in Figs. 7 to 17 inclusive. Upper case 
letters indicate the contrary — either because 
the liquid water content trace is not shown, 
or because the position on the trace corre- 
sponding to the sample is not known. In these 
tables, as elsewhere, the heights quoted are 
those read from a pressure altimeter set to 
29.92 inches. 


(b) Liquid water content 


Tracings of the records produced by the 
liquid water content meter during the flights 
through the orographic cloud are shown in 
Figs. 7 to 14 inclusive. A scale showing the 
calibration of the instrument for a collection 
efficiency of 1.0 is superimposed on each record. 
Values of pressure altitude are usually given at 
each one-minute interval on the trace repre- 
senting pressure altitude. 


In the case of the measurements in seaward 
cumuli, tracings of the water content records 
have been provided only on the occasions on 
which simultaneous measurements are avail- 
able of droplet spectra. These tracings are 
shown in Figs. 15, 16, and 17. The values of 
the maximum observed water content recorded 
as a function of height have been plotted in 
Fig. 4 for the cases in which representative 
measurements are available throughout the 


depth of the cloud. 
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6. Discussion 


(a) Cloud droplet spectra 


The most striking feature of the spectra is 
the extraordinarily low droplet concentrations 
which occur in the orographic cloud on some 
occasions, in particular on the very rainy day 
December 2. As these low concentrations are 
not associated with low liquid water contents, 
it follows, as tables 1 to 6 show, that the average 
drop size was big on these occasions. November 
6 differs quite noticeably from the other days 
in this respect. A slight tendency appears for 
the droplet concentrations to increase towards 
the coastal end of the orographic cloud. The 
seaward cumuli had rather larger concentra- 
tions. In this respect they resemble clouds of 
similar size observed off the east coast of 
Australia. 

Some of these points are illustrated in Fig. 


P. SQUIRES AND J. WARNER 


Be Cloud Top 


8000 2 
e 
6000 “thet 
(] 
e 
4000 Cool 
@ 0e 
Cloud Base 


28 


FO 
Liquid Water (g/m?) 
(b) 


Fig. 4. Peak liquid water content during each passage 
through cloud plotted as a function of height for three 
typical seaward cumuli. (a) Observations made on 14 
October 1954 between 1430 and 1500 hours. Initially 
there was no rain present in the cloud but on the last run 
through the cloud just above the base a small area of 
rain was encountered. (b) Measurements made on 23 
October 1954. (See also Fig. 15.) (c) Observations made 
between 1430 and 1500 hours on 2 November 1954. No 
rain was observed in this cloud during the observation 
nor in any of the surrounding seaward clouds. 


5, which shows histograms of the distribution 
of droplet concentration in steps of ten droplets 
per cc for each pass through the orographic 
cloud and for the seaward cloud on any one 
day. 

These features of the droplet spectra can be 
related to the rate of cooling associated with 
the various clouds. The orographic cloud forms 
in air which is climbing up the volcano slopes 
with an average vertical speed of the order of 
10 cm sec-4—corresponding to a horizontal 
wind speed of 2 m sec. At this low vertical 
speed it is not surprising therefore that its 
spectra typically show larger and fewer 
droplets than the seaward cumuli. It has been 
remarked earlier that the coastal part of the 
orographic cloud tended to be cumuliform, 
in contrast to the stratiform cloud towards the 
Saddle; this agrees with the slight tendency 
which appears for the droplet concentrations 
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(a) Orographic Clouds 
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(b) Seaward Clouds 
Cloud = : 
Height Droplet concentration per cc 
Types (ft) 
AS 100 200 _300 
MODERATE 3200, 
CUMULUS 6200 
SMALL 2. 
CUMULI 7°99 “i A m ae £. 


5 
SMALL 1800 , 
CUMULI 2400 


MODERATE 4000, 3 
CUMULI 7000 Lo Pom a 


SMALL 
CUMULI 


SMALL 


2 
cumut 799 “Lo an a 


Fig. s. Histograms of the droplet concentrations found in (a) orographic clouds, and (b) seaward clouds. Interval 
of concentration = 10 per cc. The vertical scale (number of occurrences) is given by the number entered at the 
upper left hand corner of each histogram. Under (b) seaward clouds, the column labelled “Height (ft)? in- 

dicates the limits between which observationse wer made. 


to increase near the coast. On the exceptional 
day, November 6, when the orographic cloud 
had a micro-structure very similar to offshore 
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cumulus, the liquid water content trace shows 
that the cloud was more cellular and presum- 
ably therefore more convective than usual. 
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TIMES { 
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I I 
4000 2000 


DISTANCE (approx) T T 1 


O 5 IC 


15 20 25 30 


Fig. 6. Liquid water content traces on successive runs through the orographic cloud on each of three days. 
The first run is indicated by a heavy line and is superimposed on that for the succeeding run, indicated by a 
light line, in such a way that the best fit of the cellular structure is obtained. The time scales corresponding to 
the liquid water traces are given below them. The corresponding heights of the terrain beneath the aircraft 
are shown in the next two lines. The same convention of thick and thin lines is adhered to in both these cases. From 
the relative shift of the cloud cells and the time interval between runs the velocity of movement can be deduced. 


The unusual micro-structure of the oro- 
graphic cloud is no doubt related to the fact 
that although its depth is small, ranging from 
about 2,000 ft. near the Saddle to about 5,000 
ft. on the coast on most occasions, it neverthe- 
less produces significant amounts of rain. In 
contrast, the seaward cumuli did not seem to 


produce rain until they reached a depth of at 
least 6,000 ft. Many observations on non- 
freezing maritime cumuli off the east coast of 
Australia indicate that these clouds too in 
general need to be about 6,000 ft. deep in 
order to produce rain. 

It will be seen from the tables that, even 
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Fig. 7. Liquid water content traces through the orographic cloud at ground clearances of 2,000 and 1,000 ft 

on 26 October 1954. The smooth curve gives the aircraft altitude. By the time of the second run the cloud in the 

Saddle area had become much thinner and the clear lane greater in length. Droplet samples were not obtained on 
this flight. 


ALTITUDE 


TIME 705 ; 7 1710 x n : 
DPOPLET .... ee oe oe e 
SAMPLE abcd ef 9-j kim n 

RUN 1 1000 FT. ABOVE TERRAIN 


2 NOVEMBER, 1954 


Fig. 8. Liquid water content trace through the orographic cloud at a ground clearance of 1,000 ft on 2 

November 1954. The lettered dots refer to cloud droplet samples (see table 1). The figures on the altitude trace 

represent the aircraft altitude at one-minute intervals. Light rain began at sample j and continued down to 
just beyond cloud base at 2,500 ft. 


when the average drop size is quite large, (b) Liquid water content 

there are still small drops present. The oro- The most distinctive feature of the records 
graphic cloud is characterized by a very wide is the indication of the cellular nature of the 
droplet spectrum; it contains in addition to orographic cloud particularly towards its sea- 
the drop sizes which were found in the sea- ward edge. The water content in the oro- 
ward cumuli, an extended range of much graphic cloud seldom rose above 1 gm m* 
larger drops. unless there was rain in the cloud. Thus on 
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o bcd ef gh ‘ 
RUN 2 1000 FT. ABOVE TERRAIN: 


6 NOVEMBER, 1954 


Fig. 9. Liquid water content traces through the orographic cloud at ground clearances of 2,000 and 1,000 ft on 6 

November 1954. Top of cloud near the coast was bubbly with height variations of about 200 ft. There was a 

distinct trough in the cloud top 6 or 7 miles inland from Hilo running on a bearing 150°—330°. By the time the 

second crossing of the coast was made, about an hour later, the trough in the cloud tops had moved inland 
by 4 or 5 miles. 


ALTITUDE 


1145 150 LES 
> — 4 Ze 4 x Ri 1 


RUN à 1000 FT. ABOVE TERRAIN 


7 NOVEMBER, 1954 (am) 


Fig. 10. Liquid water content trace through the orographic cloud at a ground clearance of 1,000 ft on the 

morning of 7 November 1954. The cloud tops were rather irregular in height and the orographic cloud in the 

Saddle area was very broken up with the ground frequently visible through it. West of the Saddle area cloud 
was just commencing to build. Droplet samples were not obtained on this flight. 


December 2, when heavy rain was falling, the 
water content rose to a maximum of 4 gm m?. 
This value of course includes the rainwater 
content, or that part of it contained in the 
smaller drop size ranges, since some of the 
larger drops may be lost due to splashing. 
There does not appear to be any simple 
relationship between water content and either 
ground clearance or altitude. 

An attempt was made to trace the move- 
ment of individual cloud cells between suc- 
cessive runs through the cloud. This met with 
some success, particularly in the case of the 
flights on December 2. Fig. 6 shows the result 


of superimposing the water content records 
for successive runs on each of three days after 
shifting the traces to obtain the best fit from 
one curve to the next. From the known time 
interval between runs, and the observed shift, 
rate of upslope drift of the cloud cells can be 
deduced. The values obtained were 4.5, 5 and 
2.5 knots for November 6, December 2 and 
December 3 respectively. The corresponding 
Hilo rawindsonde velocities were $—6, s—10 
and 3—5 knots. 

The values of liquid water found in the 
seaward cumuli were similar to those experi- 
enced in cumuli observed near the eastern 
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o b Cade e STAR 
RUN 2 2000 FT ABOVE TERRAIN 
7 NOVEMBER, 1954(pm) 


Fig. 11. Liquid water content traces through the orographic cloud at ground clearances of 1,000 ft and 2,000 ft 

on the afternoon of 7 November 1954. The orographic cloud was quite flat-topped in appearance except near 

the Saddle where it was cumuliform, with the ground visible through clear patches. A clear lane 2 miles wide 

extended right across between the two mountain peaks. (See Photo 2.) Light rain was observed in the cloud all 
the way down at 1,000 ft ground clearance, heaviest at the coastal end of the run. 


2 DECEMBER, 1954 


Fig. ı2. Liquid water content traces through the orographic cloud at ground clearances of 6,000, 4,000 and 
he orographic cloud was deeper than usual with its tops rising to 11,000 ft. The 


2,000 ft on 2 December 1954. T 
cloud edge in the Saddle was seen to be raining lightly and rain was encountered on all runs. On the 4,000-ft 


run the rain was heavy between 1644 % hours and 1645 hours. 
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RUN 1 


3 DECEMBER, 1954 


Fig. 13. Liquid water content traces through the orographic cloud at ground clearances of 2,000 and 1,000 ft 
on 3 December 1954. The cloud edge in the Saddle was not raining and very little rain was encountered through- 
out the cloud. 
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Fig. 14. Liquid water content trace for a run through the orographic cloud at a ground clearance of 1,200 ft on 
3 December 1954. Droplet samples were not obtained on this run. 


Australian coast. The variation of water con- 
tent with height, and the ratio between the 
measured and adiabatic values of liquid water 
content, were also similar. 

If the liquid water content values deduced 
from the drop spectra are compared with corre- 
sponding values on the water content meter 
records it will be seen that there is only general 
agreement. There is certainly no consistent 
difference. Thus it appears that there are 
fluctuations in the cloud in most places which 
are too rapid for the water content meter to 
follow. Markus et al. (1948) found evidence 
of such very rapid changes in cloud. Another 
factor is that the spectra have been limited to 
the region d < 200 u, which is the conventional 
boundary between cloud drops and drizzle. 
On a number of exposed rods, traces were 


found corresponding to larger drops, but 
none in numbers sufficient to be statistically 
representative. Nevertheless, drops of these 
very large sizes seemed at times to contribute 
quite substantially to the total liquid water. 


7. Conclusion 


The seaward cumuli were similar in liquid 
water content, spatial distribution of water, 
micro-structure and degree of collodial in- 
stability to non-freezing maritime cumuli 
observed off the east coast of Australia. 

The orographic cloud averaged 4,000 to 
5,000 ft. in depth at the coast, decreasing to 
about 2,000 ft. at the Saddle on most occasions. 
The upper surface of the cloud rather resembled 
that of strato-cumulus. Observed from within, 
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23 OCTOBER, 1954 


Fig. 15. Liquid water content traces through an isolated growing cumulus 10 miles off Cape Kumukahi on 23 

October 1954. The passes were made alternately east to west and west to east. The cloud was elongated north 

and south; the southern end was raining from the beginning, but the northern end, where the observations 

were taken, was not at first. Within ro minutes however rain was encountered over a portion of each pass. Cloud 

base was at 2,200 ft and the top, which was enveloped in a stratus canopy, was estimated to be at 9,500 ft at the 
completion of the operation. (See also Fig. 4 (b),) 
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Fig. 16. Liquid water content traces. (a) 6 November 1954. Runs through four small cumuli off Hilo, bases 80 
ft, tops about 6,000 ft. The first cumulus observed at the 1,800 ft level was not raining, the second had light rain 
in it; the first cumulus observed at 2,400 ft had just started to rain onto the sea and light rain was falling 
from the second. (b) 26 November 1954. Runs through a number of small non-raining cumuli off Hilo; bases 
3,600 ft, tops usually 7,500 ft but occasionally to 9,000 ft. No rain was experienced in the clouds sampled and 


only a few of the bigger clouds over the sea were raining. 
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Fig. 17. Liquid water content traces for passes through a number of small cumuli off Hilo on 1 December 1954. 
Bases 2,500 ft, tops 6,500 ft except for the last run at 3,200 ft when the top was at 3,500 ft. Rain was en- 
countered for brief periods at 1530 4% hours and at 1536 hours. 


it consisted of two distinct zones; onthe upper a little more than half way up the slope from 
slopes it was stratiform; near the coast it Hilo to the Saddle. 

showed a cellular, cumuliform structure. The The total liquid water content (cloud and 
transition was fairly sharp, and usually occurred rain) was nearly always well below r gm m, 
Tellus IX (1957), 4 
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except in heavy rain. The cellular structure 
shown in the liquid water content traces some- 
times persisted recognizably for- periods of 
about an hour, and when this happened, the 
speed of upslope movement of the cloud 
masses derived from the traces obtained on 
successive runs agreed reasonably well with 
the upper wind observations. 

The micro-structure of the orographic cloud 
showed fewer and larger drops than were found 
in seaward cumuli; this can be explained in 
terms of the slow lifting of the air mass up the 
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volcano slopes, and in turn it seems likely that 
it explains the remarkably fine but dense rain 
which falls from this cloud, and the ability of 
the orographic cloud to produce rain, although 
it is relatively shallow. 
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Trade Wind Cloud Measurements Windward of 
the Island of Hawaii 


By DAVID S. JOHNSON, Pineapple Research Institute and Experiment Station, 
Hawaiian Sugar Planters’ Association, Honolulu. 2 


I. Introduction 


Aircraft observations upwind of the Island 
of Hawaii were made to obtain detailed sound- 
ings of air temperature and water vapor over 


Howard aircraft used to obtain observations 
windward of the Island of Hawaii. The liquid water 
content sensing unit is beneath the port wing. The 
vortex thermometer under the starboard wing was 
replaced by the psychrometer unit during “Project 
Shower’. 


Pie. T. 


the sea upwind of the Hilo area. It was de- 
sirable to know how representative a single 
sounding was for a short time period during 
“budget” days. Measurements were made of 
temperature and water vapor content in 
clear air and liquid water content in clouds 
which subsequently moved over the raingage 


1 Published with the approval of the Director as 
Technical Paper No. 244 of the Pineapple Research 


Institute of Hawaii. 
2 Present affiliation: U.S. Weather Bureau, Wash- 


ington, DC. 
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network on the windward slopes of Mauna 
Loa and Mauna Kea. 

A single engine Howard aircraft (Fig. 1) 
was used for these flights. Continuous re- 


Fig. 2. Psychrometer sensing unit used for measure- 

ments of dry and wet bulb temperatures. The double 

radiation shield surrounds the thermocouples which are 

mounted on a pedestal attached to the plastic water 
reservoir beneath the shield. 
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cordings were made of dry and wet bulb 
temperatures and liquid water content. Air- 
craft instruments were photographed once a 
second. Visual and photographic observations 
of clouds and precipitation were taken to 
assist in the interpretation of the recorded data. 

Temperature and water vapor measurements.— 
Dry and wet bulb temperature measurements 
were made using copper-constantan thermo- 
couples fabricated from number 30 Brown and 
Sharpe gage wire, mounted in a radiation 
shield located beneath the starboard wing of 
the aircraft (Fig. 2). The thermocouples were 
connected alternately each second to the input 
of a high speed recording potentiometer with 
a range of — 0.15 to +1.50 millivolts. The 
record thus produced (Fig. 3) is a trace where 
the width indicates the bulb depression and 
right hand edge the air temperature. One- 
quarter recorder division (110 recorder divi- 
sions for full scale pen travel) approximately 
equals o.1° C. The recorder system is still more 
sensitive so that indicated temperatures can 
be read to 0.1° C. 

The indicated temperature readings are 
corrected for adiabatic and frictional heating 
as described by MIDDLETON and SrILHAUS(1953). 
Radiation errors are negligible as sensing 
elements are small, and there was a double, 
concentric radiation shield and high ventila- 
tion rate. The overall accuracy of the psychro- 
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Fig. 3. Psychrometer recorder record indicating a 

descent sounding made at 1250 to 1306 HST 21 October 

1954 southeast of Hilo Airport. The chart speed is ap- 
proximately one division (!/, in) per minute. 
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meter was considered to be better than +0.3° C 
with the relative accuracy +0.1° C. The error 
in absolute measurement is primarily due to 
the inaccuracy in determining the correction 
for dynamic heating. 

All height data are expressed as pressure 
altitude, based on the U.S. (or National 
Advisory Committee for Aeronautics) Stand- 
ard Atmosphere.! These values can be con- 
verted directly into pressure using the con- 
version tables prepared by BELLAMY (1945) 
and the pressure-height data from the Hilo 
Weather Bureau radiosonde observations. 

The water vapor content of the air is 
in terms of mixing ratio, grams of water 
per kilogram of dry air. Mixing ratio was 
evaluated using a slide rule with NACA 
height, wet bulb temperature, and wet bulb 
depression as arguments. The accuracy of the 
mixing ratio values is +0.2 gm/kg. 

Liquid water content measurements. — The 
sensing unit for the measurement of cloud 
liquid water content was of the paper tape type 
designed by WARNER and NEWNHAM (1952) 
and kindly furnished by Dr. E. G. Bowen 
of the Commonwealth Scientific and In- 
dustrial Research Organization of Australia. 
Warner’s original calibration of the instru- 
ment was rechecked during “Project Shower”. 
This check was within 5 per cent of the earlier 
calibration made in Australia. The accuracy 
of the method is considered by Warner and 
Newnham to be about 25 per cent. 

Aircraft instruments, the readings of which 
are needed to evaluate the meteorological data, 
were mounted in a photo box where a modified 
16 mm movie camera photographed them once 
a second. Marker pens on each of the recorders 
and a light on the photo box instrument panel . 
were connected to a push-button switch. This | 
permitted the simultaneous marking of all the : 
records for time checks and synchronization ı 
of data. 


2. Observational Data 


Soundings.—On nine days during the pro- - 
ject, detailed vertical soundings of temperature : 
and water vapor content were taken over the : 
sea upwind of Hilo. These soundings are > 


! The heights are thus as indicated by an aircraft alti- - 
meter with altimeter setting at 29.92 in. This parameter | 
will be referred to as NACA height. | 
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Fig. 4 i—j. 
Fig. 4 a—j. Aircraft soundings taken upwind of the Hilo coast during the project. The dry adiabatic lapse 


rate is indicated by the line yg. Low values of mixing ratio are indicated numerically rather than graphically 
and connected to the corresponding points on the temperature curve by dashed lines. 


presented in Fig. 4 a—j. For detailed study, correlated with observations made by other 

these data are also presented in tabular form participants in “Project Shower”. However, 

in table 1. there are certain features which may be note- 
The data have not been fully analysed or worthy to those using these data. 
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APPROXIMATE DISTANCE FROM COASTLINE IN MILES ON 070 - 250° BEARING 


Fig. 5. Observations of dry bulb (Tp) and wet bulb (Ty) temperatures, in degrees Centigrade, mixing ratio (W) 
in grams per kilogram, and NACA height of observation (H) in hundreds of feet obtained on 21 October 1954. 


Four traverses approximately parallel with the trade wind flow were made: in the sub-cloud layer upwind of | 


the Island of Hawaii. Times are given in hours, minutes, and seconds HST. 
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Table 1. Aircraft sounding data obtained over the sea east of the Island of Hawaii. 
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Dry bulb (Tp) and wet bulp (Tw) temperatures are in degrees centigrade, mixing ratio (W) in grams 
per kilogram, and NACA height (H) in feet. Date, 1954, time, and location are indicated in the 
heading for each sounding. 
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Temperature and water vapor fluctuations. — 
Since, on “budget” days, each observation 
would necessarily have to represent averages 
for a period of at least two hours, it was 
desired to examine the magnitude of the 
variations in temperature and water vapor 
content in the sub-cloud layer during trade 
wind conditions. Toward this end, on 21 
October the Australian and Hawaiian planes 
each made four traverses roughly parallel with 
the wind at an altitude of about 900 ft. These 
traverses extended up to 38 mi upwind from 
the coast southeast of Hilo. The planes were 
to fly $ mi apart at the same altitude. Unavoid- 
able deviations did occur with the aircraft at 
times approaching to within one-half mi of 
each other. 
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The psychrometric data obtained by our 
plane are presented in Fig. 5. All traverses 
were made on a 070—250 deg bearing and the 
data are plotted against a common distance 
scale with the origin approximately at the 
coastline. Navigation was not precise enough 
to permit a direct comparison of a point on 
one traverse with that on another at the same 
indicated distance from the origin. The error 
in distance is estimated to be about + 1 mi. 

The overall range in air temperature through- 
out the four traverses was 1.2° C while the 
maximum change on each traverse varied 
from 0.6 to 0.8° C. The overall range of wet 
bulb temperature was 1.8° C, and of mixing 
ratio 2.5 gm/kg. The larger variation in water 
vapor content is to be expected as the sounding 
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ISTANCE FROM CAPE KUMUKAHI IN MILES, PROJECTED ON 150-330° BEARING 


Fig. 6. Temperature and water vapor data obtained during the “budget” traverses made normal to the trade 
wind flow between Cape Kumukahi and Hakalau on 30 November 1954. Direction of flight is indicated by 
arrows on the height curves. 


indicated a dry adiabatic lapse rate while the 
mixing ratio was not constant with height in 
the sub-cloud layer. Thus vertical displace- 
ments of air parcels would result in larger 
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changes in the wet bulb than in the dry bulb 
temperature. These changes occur in periods 
as short as 6 sec which, at an air speed of 120 
mi per hr, represents a distance of 0.2 mi. 
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DISTANCE FROM CAPE KUMUKAHI IN MILES, PROJECTED ON 150-330° BEARING. 


Fig. 7. Temperature 


and water vapor data obtained during the “budget” traverses made normal to the trade 


wind flow between Cape Kumukahi and Hakalau on 2 December 1954. Direction of flight is indicated by 
arrows on the height curves. 


This is near the limit of resolution of the 
psychrometer, as the shortest change in tem- 
perature that can be reliably detected by the 
recording system is 4 sec. 

The weather on 21 October was typical of 
trade wind conditions. The winds aloft taken 
at Hilo at 1100 HST? indicated a wind of 7 
kts from 45 deg at 1,000 ft and a wind direc- 
tion between 75 and 90 deg from 2,000 to 
8,000 ft. Visual observations indicated that the 
surface winds were somewhat stronger and 
more nearly from the east over the sea upwind 


1 Hawaiian Standard Time, ısoth meridian civil time, 
is abbreviated HST. 


of the island. The orographic cloud was well 
developed and substantial rain fell on the 
mountain slopes (see Morpy and EBer, this 
monograph). The cumuli over the sea were 
of limited development, but increasing in 
size as they approached the coast. A pro- 
nounced line of small cumuli, oriented normal 


to the trade wind flow and moving with the : 
wind, was observed from 26 to 17 mi off shore : 
during the flight. A few light showers were : 


observed off the coast during the flight. No 
correlation was observed between temperature 
and moisture and passage under the cumuli. 


“Budget” flight data.—Figs. 6 to 8 present ! 


—— 
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DISTANCE FROM CAPE KUMUKAHI IN MILES, PROJECTED ON 150-330° BEARING. 
Fig. 8. Temperature and water vapor data obtained during the “budget” traverses made normal to the trade 


wind flow between Cape Kumukahi and Hakalau on 3 December 1954. Direction of flight is indicated by 
arrows on the height curves. 


Tellus IX (1957), 4 


NOKAA 
® We 


DAVID S. JOHNSON 


2000 FT CONTOURS 


183215" 
. 


155° 30° 


the temperature and water vapor data obtained 
during the traverses flown on the “budget” 
days. To aid in comparing the different trav- 
erses, the varying directions of flight were 
projected to a common bearing of 150—330 
deg extending from the tip of Cape Kumukahi 
to a point off shore of Hakalau (see Fig. 9). 
Deviations from this bearing were usually 
less than 30 deg. All the data are plotted 
against the distance from Cape Kumukahi 
along the common bearing. Frequent times of 
observation are included to position the 
observations both in time and space. 

It is difficult to determine how well these 
data represent the conditions of the air moving 
over the coast line during the entire period 
of each “budget” operation. An estimate can 
be made by comparing the traverses with the 
aircraft soundings and examining the data 
obtained when two traverses were made at 
the same altitude. It is seen that large varia- 
tions over short distances occur in both 
temperature and water vapor content. These 
fluctuations appear to be short lived and not 
representative of average conditions. The 
largest fluctuations in dry and wet, bulb 


Fig. 9. The route flown 
during the traverses made 
on the “budget” days 30 
November, 2 and 3 De- 
cember 1954 in relation to 
the Island of Hawaii. The 


CAPE KUMUKAHL 


© distance in miles from Cape 
Kumukahi isindicated along 
the traverse line. The dots 
represent the locations of 
the rain gages used during 
the project. 


temperatures were recorded on 30 November 
during the traverse at 1,000 ft. Temperature 
changes of 1 to 2° C over short distances were 
frequent, accompanied by changes in mixing 
ratio up to 25 per cent. 

On many of the traverses, the plot of 
mixing ratio is a mirror image of the tempera- 
ture curve. This indicates the presence of cells 
of ascending and descending air. A particu- 
larly good example is shown in Traverse I at 
2,900 ft on 30 November (Fig. 6). The sound- 
ing on 30 November (Fig. 4 £) shows that the 
lapse rate of temperature was less than the 
dry adiabatic at 2,900 ft and the mixing ratio 
decreased with increasing height. Thus, a 
rising parcel of air would have arrived at 
2,900 ft colder and with a higher mixing ratio 
than its environment, while descending air 
would be warmer and drier than its environ- 
ment. Even though mixing would tend to 
neutralize these temperature and moisture 
differences, they often persist long enough to 
produce the “mirror image” pattern. This 
relationship was rarely observed above 4,000 ft. 
Using the sounding to determine the lapse 
rate of temperature and moisture at flight 
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DISTANCE FROM CAPE KUMUKAHI IN MILES, PROJECTED ON 150-330° BEARING 


Fig. 10a. Observations of cloud liquid water content obtained on 30 November 1954 during the ‘“‘budget”’ 
traverses between Cape Kumukahi and 14.5 mi northnorthwest of the Cape. Times are indicated in hours, 
minutes, and seconds HST and direction of flight by arrows on the height curves. 


level, a rough estimate can be made of the 
vertical displacement of these parcels as well 
as their horizontal extent. 

The measurements of liquid water content 
in clouds encountered during these traverses 
are shown in Figs. roa, b to 12. Wherever avail- 
able, comments on the type of cloud and occur- 
rence of precipitation or turbulence are included 
in the figures. The indications of intensity of 
precipitation and turbulence are qualitative. 

- The precipitation rarely appeared to be heavy 
enough to flood the tape in the water content 
meter thereby producing doubtful data. This 
appeared to have happened on part of the 
traverse at 800 ft on 30 November and at 
4,000 ft on 2 December. 

The liquid water content trace resulting 
from the collection of rain drops is “ragged” 
Tellus IX (1957), 4 


and usually rises in sharp spikes as seen in the 
traverse at 1,500 ft on 2 December (Fig. 11) 
and Traverse I, 2,900 ft, 26 to 29 mi from 
Cape Kumukahi on 30 November (Fig. 10 b). 
The instrument response to small cumuli of 
limited horizontal extent is typified by the 
trace shown in Fig. toa obtained at 4,900 ft 
on 30 November. This response is indicative 
of a single cell of rising air existing in each of 
the small cumuli. When flying through a 
large cumulus, which usually appeared to be 
composed of several smaller cumuli, the 
response indicates many of these cells, often 
overlapping and in varying degrees of devel- 
opment and dissipation. The trace obtained at 
4,000 ft on 2 December (Fig. 11) is typical of 
this response. 

The values of liquid water content are 
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Fig. 10b. Observations of cloud liquid water content obtained on 30 November during the “budget’’ trav- 
erses between 14.5 and 30 mi north-northwest of Cape Kumukahi. Times are indicated in hours, minutes, and 
seconds HST and direction of flight by arrows on the height curves. ; 


typical for various types of clouds existing to 10 mi north of the Cape than on the re- 
upwind of Hilo throughout the periods of mainder of the traverse to Hakalau. The 
the “budget” operations. However, the sam- only exception to this pattern was during 
pling of cloud water was not sufficiently Traverse II at 2,900 ft on 30 November 
random to permit the computation of the (Fig. 10 a, b). No systematic variations in 
total horizontal flux of liquid water during the temperature and water vapor were observed 
“budget” periods. Since the amount of water along the traverses which would help to 
in liquid form is a small percentage of the explain the variations in liquid water. 
amount in the vapor state, this should not The distribution of rainfall over the eastern 
hinder computation of the total water budget. part of the Island of Hawaii usually showed a 

Distribution of cloud and showers.—On flights maximum on the mountain slopes in the 
made upwind of the Hilo coast during “Pro- Saddle area west of Hilo rather than in the 
ject Shower”, it was usually noted that the vicinity of Cape Kumukahi as might be 
amount and size of clouds and number and expected from these aircraft observations over 
intensity of showers observed were greater in the sea. However, a tongue of rainfall fre- 
the vicinity of Cape Kumukahi than in the quently extended from the maximum south- 
region between Hilo and Hakalau. eastward over the area to the west of the Cape. 

The liquid water content data obtained on When the heavy orographic rainfall was 
the traverses between Cape Kumukahi and absent, the rainfall contours reflect the passage 
Hakalau during the budget operations gener- of showers from the sea over the area between 
ally show higher peak values in the region up the Cape and Hilo. 
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Fig. 11. Observations of cloud liquid water content obtained on 2 December 1954 during the “budget” 
traverses between Cape Kumukahi and Hakalau. Times are indicated in hours, minutes, and seconds HST and 
direction of flight by arrows on the height curves. 
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Fig. 12. Observations of cloud liquid water content obtained on 3 December 1954 during the “budget” 
traverses between Cape Kumukahi and Hakalau. Times are indicated in hours, minutes, and seconds HST and 


direction of flight by arrows on the height curves. 
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The Chemical Composition of Hawaiian Rainfall 


By ERIK ERIKSSON 


International Meteorological Institute in Stockholm 


Abstract 


Measurements of the chemical constitution of rain in the Project Shower area showed 
that the ammonia and nitrate content is very low, and that the total salt content decreases 
inland to extremely low values on the upper slopes of the volcanoes. 


I. Introduction 


During the operation of Project Shower 
rainwater samples were collected and analysed 
for various constitutents. It was thought that 
this would add some information relevant to 
the chloud physics research done by other 
groups and also that it would shed some 
light on important geochemical problems, 
especially on those related to the nitrogen 
cycle in nature. The work was consequently 
carried out along three lines, namely: 

1. Estimations of the total salt content in 

rainwater. 

Determinations of ammonia and nitrate 

in rainwater. 

3. Detailed analyses of some representative 
rains. 

Further, the sampling should be done in 
such a way as to get variations both in space 
and time. 


i) 


2. Technical details 


Daily samples of rainwater were collected 
in pineapple cans used for recording rainfall 
in the investigation area. These cans were 
coated inside with a plastic lacquer, which 
was found to be very resistant, and were thus 
suitable for the purpose. The position of the 
cans are seen on the Location Map at the 
end of this monograph. Only the Saddle 
Road and Kulani Road cans, which were read 
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daily, were used for sampling of precipitation. 
The Kulani Road is gravel and the analyses 
sometimes showed rather strong influence 
presumably from dust. The Saddle Road 
samples are therefore much more reliable, as 
this road was paved. 

Inspection of the cans was made on a routine 
basis every morning. Normally it took about 
two hours to complete the inspection along 
the Saddle Road (inspected in the order 1—25, 
76, 78) and about the same time on the Kulani 
Road (inspected in the order 60—64, 32—44, 
88—91, 78). If there had been any precipita- 
tion it was measured in a measuring cylinder 
and transferred to a polyethylene bottle. 
The sides of the can were rinsed as far as 
possible, with the rainwater before it was 
transferred to the polyethylene bottle. If there 
had been no precipitation the cans were 
washed with distilled water to prevent any 
accumulation of settled salt particles in fair 
weather periods. It was found that the amounts 
of salts which settled during a 24-hour period 
were very small, except very near the coast 
line where they could be quite noticeable. 

On some occasions rainwater samples re- 
presenting short time intervals were collected 
by means of a so-called rain scoop, which 
consisted of a stainless steel funnel of 0.5 m2 
area, equipped with windscreen wipers for 
rapid drainage along the inside of the funnel. 


te) 
These samples will be referred to as rain scoop 
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samples and were collected by the Woods 
Hole group and myself, mainly on places 
along the Saddle Road. 

The analytical work was done at Brewer’s 
Crop Log Laboratory in Onomea, a little 
village a few miles north of Hilo near the 
coast. This was a good laboratory. The tem- 
perature varied between +23 C and +27C 
in the daytime. The rainwater samples were 
brought there in the morning and when 
the temperature had reached +25 C (within 
half a degree) the electrical conductivity was 
determined on most samples if the volume 
was great enough. Na was determined by 
use of a spectrophotometer belonging to the 
laboratory (Beckman model DU with flame 
equipment and photomultiplier attachment 
hydrogenoxygen flame). In the beginning 
the pH was estimated by a Beckman 
pH-meter (model G with glass electrode 
belonging to the Hawaian Sugar Planters’ 
Association in Honolulu). Later the pH meter 
broke down and as it was difficult to get it 
repaired the pH determinations had to be 
abandoned. 

On some samples ammonia and nitrate were 
determined. The procedure, which was quite 
tedious, was as follows. The ammonia was 
distilled off in an all-glass apparatus and esti- 
mated by addition of Nessler’s reagent and 
subsequent measurement of the colour in- 
tensity in a balanced photoelectric instrument 
belonging to the laboratory. In the residue 
nitrate (and nitrite) was reduced by Devarder’s 
alloy to ammonia, distilled off and estimated 
in the same way as the ammonia nitrogen. 

Some samples were concentrated in the 
laboratory to small volumes and kept in small 
polyethylene bottles. They were brought 
back to Stockholm and analysed at the In- 
stitute of Meteorology for K. Mg, Ca, Cl 
and SO}. 

Glassware for the analytical work and chemi- 
cals were provided by the Pineapple Re- 
search Institute, Honolulu, and other necessary 
equipment was provided by the Brewer’s 
Crop Log Laboratory. 

The daily samples were collected by Mr. 
T. Hayashi, of the Pineapple Research Insti- 
tute who also assisted in the analytical work. 
I am greatly indebted to him for his careful 
sampling and reliable assistance in the labora- 
tory. 
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3. Results 


The analytical results together with other 
appropriate data are given in tables 1—4. 
The position is indicated by symbols which 
are found on the Location Map. The amounts 
of “sea salts” given in tables 1 and 2 have been 
estimated from the electrical conductivity, 
using a dilution series of sea water as a stand- 
ard. The sea water sample used for this was 
collected about 10 miles off Hilo. The descrip- 
tion “sea salt” does not imply that the compo- 
sition of rainwater is exactly that of appro- 
priately diluted sea water, but is probably 
the best estimate of the total salt content in 
these rainwater samples based on a single 
determination. Whenever Na was determined 
this is also given in tables 1 and 2. In sea water 
the amount of sea salts is very close to 3.25 x 
Na. From tables 1 and 2 the “sea salt”” esti- 
mated from the electrical conductivity is 
always equal to or greater than 3.25 x Na 
except in some samples with a very low 
electrolyte content. 

Table 1 gives the “sea salt”? and Na contents 
of the daily samples from the Saddle Road 
and the Kulani Road and table 2 gives the same 
for the rain scoop samples. Cans of even 


number on the Saddle Road were not inspected | 


after October 20—21 except on November 
2—3. In all other cases in table 1 a blank in 
the P column means that the can was inspected 
but that no precipitation had fallen. 


Noticeable in table 1 is the very rapid 
decrease in the salt concentrations inland. On 
some occasions the rain which fell on the 
higher slopes was practically distilled water. 
The general salt level and the rate of decrease 
of salt inland seem also to vary from day to 
day. 

In table 3 the results of the ammonia and 
nitrate determinations are shown for some 
of the daily Saddle Road samples. The low 
concentrations as well as the uniformity of 
concentrations inland are remarkable. 

Finally table 4 shows the main constituents 
of some composite daily samples from the 
Saddle Road and some rain scoop samples 
from the Club 299. In order to get sufficient 
volumes for analysis the samples had to be 
grouped. The distances given as well as the 
heights above sea level refer to the midpoint 
in each group. The relative composition when 
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Table 1 Chemical data on Daily Rainwater Samples from the Saddle Road and the Kulani Road 
SS Se a a ee is | à QU 


Ca Oct. 19—20 Oct. 20—21 Oct. 25—26 Oct. 26—27 Oct. 27—28 
n 
BP P | Salt} Na | P |Sat| Na| pP |Sat| Na] P | salt] Na | P |sat| Na 
mm | mg/l| mg/l| mm | mg/l|mg/l | mm mg/l} mg/l} mm | mg/l} mg/l] mm |mg/l | mg/l 
Saddle 
Road 
76 not in operation en 7 
78 not in operation 18.0| 6.2 
I 282469 117.4 28.7| 17.2] 4.39| 53.8] x72 24.5| 7.9 27:2 Papi 
2 19.6) 6.0 2.2 37.5| 15.6| 3.93 
3 19.5) 5.9 | 1.16| 38.2| 15.3| 3.82| 58.6| .7 36.2| 4.6 29.4| 1.4 
4 79.7|76.0 | 1.15| 37.5| T5.1| 3.90 
5 20.7| 5.2 204 5 ET 13.7| 3-29] 61.0] .3 39.9] 2.5 30.7| 1.0 
6 19.0] 4.2 Ole 5 2.2\ eb 17.0.2450 
7 18.9] 3.4 202105 0.3 ra, a I) ae) He 2255 7 
8 18.9] 2.5 521054.9|.10.2|.2.15 
9 18.0| 2.4 .59| 62.1 Ir 7182150 .0 2520 0 12T 18.5 4 
10 18.9| 1.6 3052.91 .8.7|.154 
II TOÆ ETES 2.01077:0|822:0| 07.38 532.7 9.0 22,915 :0 HO. © 
12 1411072 .24| 42.0] 6.5| 1.03 
13 TALE Tor 26| 39.9 6.3 .98| 26.5 .O 17723 ae 5.9 FL 
14 11.4| .8 PAL SOI: 73 
15 10.5] .8 | re ee se 7 fe) 15.9 (6) 4.0 fo) 
16 37017 Tol832.4 3.3], 847 
17 83, 7.1 211820010700 440 1.6.6 fe) 2073 fe) Tor o 
18 6.5| .7 a a en AT 
19 8.31 6 7902828. 228.56. 7150|1 0 9.2 (6) 8 fo) 
20 3.9 5 211922410, 7:9 08.29 
21 5.3 5 18] 20.2 2 13.4 fo) 13 fo) itt 
22 5.0 7 18] 19.9 2.0 29 
23 4-3 8 161018.2|0 2:0 29 71.7, 4 6.0 I 3 
24 ZT 4 eS} 20,3 0 7.81 002 
25 4.5 6 ES OI 27010..36| 210.0 6 4.6 2 3 
Kulani 
Road 
60 42.6| 1.8 N CO 24.6| 5.3 
61 53.9 41.2 20.0| 10.2 33.4| 3.0 
62 49.8| 1.2 21:9 ~ Osis 23.9| 2.9 
63 No cans on Kulani Road BOE ane) | IS) 2202, 4" 
64 32.0] 21,5 30.2| 6.5 20.5| 2.8 
32 in operation until 34.5, 1772 30.6] 5.6 2023 
34 29.0 07.8 rn dla? 230 02723 
36 Oct. 25—26 27.0 5:5 44.8| 1.8 17703 m 
38 27: 4 OAI aE -2 7410 07.2 
40 25:0 00.2 27.6 oii 9.8} .o 
42 20.5 .O DIES) 2 9.5 ME 
44 LEO 16.2 sit Ge] 2 
88 
89 
90 Cans 88—01 not in operation 
91 until Nov. 6—7 
WS 
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Table 1 (Cont’d) 
Nov. 7 
Oct. 28—29 Nov. 2—3 Nov. 6—7 bane ae Nov. 9—10 
Can aan EE SR EU Sand Wc Le Pe eee ET 
No BE lsaltaeNa 12 MISE AIMINE Pe iSalte Na Pisalee Na RP) sale Na 
mm | mg/1| mg/l] mm | mg/l] mg/l} mm | mg/l] mg/l| mm | mg/l| mg/l| mm | mg/l| mg/l 
Saddle ; | 
Road | 
76 .0 39.21, 72 3.8] 16.5 | 
78 .0 43.1| 6.5 3.2|| blew | 
I ZEN 15:0 03.85 02.301 826.17 | ee 7 T0] 4 | 
2 10213720 1155 | 
3 4.4 | 10.5} 2.09] 4.3 | 24.5] 7.0 83.9] .3 5.7| 6.5 9.9 1.6 | 
4 8.4 | 16.6| 4.9 | 
5 4.8 8 || il A RR © 10.9| 2.5 TOU | 27 | 
6 5-4 |2.10:017°2:9 | 
i 8.7 5:0 0:73.04 0:9 sr Coz) 2 6.8| 1.9 9.6] 4.5 | 
8 6.4 5.1 12 | 
9 6.1 1.6 28| 9.2 273 .5| 60.6) <1 92 65} 653) 383) | 
10 4.7 2.1 5 | 
II 5.5 A oth) 470 ET 710000 0.5 28} 0.2] ARS | 
12 27 ZA 27, | 
13 5.3 I To eee 2.9 a5) MG © 4.1 3 5.6) 2.0 
14 12 Beit 4 
15 6.8 .0 Io] 1.3 4.8 Or 2 o SA dur 4.I 172 
16 7. .6 
1G o 09 9.8 5 TQ) 4. 3.4 2 
18 Des 
19 3 06 11.8 fe) 3.8 (6) 
20 27 
21 .o] .o8 1020 | | | oil 
22 1.6 8 
23 iP .20 10.6 .I 27 QUE 
24 
2 (6) 7.8 2 2.6 3 
Kulani | 
Road 
60 1.7. 1035.81 28.4 5 ML 49 018 sit 8.739 
61 4.2 T0 03 2-2 4 1553-51 23825 NE 60) 5 Hea SH 
62 4.2 | 38597 || ALK) 15.4 Pri) 59:6 a6 Teton, 9.2 5.1 
63 228, |7 23.30.02 .5 10.0| 56.0 3.6| 9.6 6.5 3.6 
64 3.1 T4.4| 42 3 We, Sa Aa 9.8| 5.0 N 7 
32 6.5 ro SOMMES NAGER ASH) ar 8.8| 3.4 72.2 16.4 
34 8.2 HO | eh) 9.5| 52.0] 1.9 Tee) 72-60) 9:0 0337; 
36 6.9 2. 774 CHO, AL) MO), ot 8.2 1.2 9.30 222 
38 8.2 .5 2710928 SO ol SEC 1 571.2 930,202 
40 5.2 ul TS | 72 1.8 5 2755 NE 4.9} 1.2 8.5 1.5 
2 7.0 alt Sul dei ST SS Ms SG) tei HAT 12 
44 8.6 202.00 ET CECI, 52 B55 |S 5.9 5 
88 BAS) 12 6.0} 1.2 5.7 Su 
89 7.4 3 4.4 3 4.9 3 
90 RO TE 4.8 1.2 | 
OI 3.0 | 
79 | 
Remarks Precipitation Inspection runs | 
up to 1100 hrs. begun at 1100 hrs. | 
on Nov. 7 and 1400 hrs. 
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Table 1 (Cont'd) 
El nb ee ee or 


Nov. 22—23 Nov. 25—26 Nov. 26—27 Nov. 27—28 Nov. 28-—29 
Can [a i oe Pee ee EE eee 
No Pe Salta 2Na Pe saltaliNa, Pe oalcaleNa 1 Sethe |] Ney P| Salt | Na 
mm | mg/l) mg/l} mm | mg/l] mg/l} mm | mg/l | mg/l} mm | mg/l] mg/1| mm mg/l| mg/l 
—l ZI Zaire eure 
Saddle 
Road 
76 19437 885.06. 2.72 107.7| 82:9 80| 97.6 I 
78 9:7 07:00 W227 T1275] 62.0 82] 108.5 o 
I 12.0 82.6 AG) | Giese | re Le 38| 57.4 o 
2 
3 4 KR | | 174108.09.083.22|537:0 8 31| 42.9 fo) 
4 
5 3 15.21 610.8148.72 1825 Ro | > 34| 31.2 fo) 
6 
7 5 LO.) 477.5|9 3.7 9 8.0| 2.4 62182777 fe) 
8 
9 7 4.9| 16.7) 3.4 8 4:5] 2.7 75| 28.5} .0 
10 
TI 3 7.9| 13.4| 1.6 a5 20035. 07.011220 o 
12 
13 5 4.210 9:7 8 .3 1.0 1.09| 18.9 o 
I 
oo 8.1 4 I 9 1.520 2007 fo) 
16 
7, 5.0 2 I Missing 
18 
19 8) | T = 10,2 BE: 
20 
21 ON as} I 13.5 3 
EP 
23 22053 2 IO.I 3 
25 8 TT 14.0 4 
Kulani 
Road 
60 2 a ee 2 .82|170 + o .0 
6I 20.1 S227) | L7Or | 07.8 .641170 + fo) .0 
62 25.0| 6.8) 1.8 |170-+| 1.2 .55|I70 + (6) .o 
63 18,30 72.31153.22 1753 122 .45| 148 fe) .0 
64 7528 8.207.832 27 iQ 40 | ez Tea o .0 
32 15013-06077 .30| 97.1 fo) Ko) 
34 1387 727 eles | Osco! 27.2 .40| 80.4 fo) Ko) 
36 2.6 5.2 11610072 70652 807 .38| 73.0 o .o 
38 sit 10.8 0) MOIS CANIN 7 229) 82.7 o .0 
40 El IR eh ul fo) .0 
42 8.0 6.5 12.0 141081218355 8 2510437 fo) .0 
44 AU TON AGAIN ETAT SE .26| 34.0 o .0 
88 8.4 el ee ll Ah os) Rill 206.5 o .o 
89 6.1 1.5 .4 £5.90) 25 -221020.7 fe) pro) 
90 SEAL MA Fr en 2118207 fo) .0 
O1 3.1 aE). neh | Me 52 17.0 fo) .0 
79 4.5 
Remarks 


1 Includes also Nov. 25—26 
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89 

90 

91 

79 
Remarks 


_ SS se ee SEE | | 


ERIK ERIKSSON 
Table 1 (Cont’d) 


UY oa 


Nov. 30 a ie 
Nov. 29—30 ae Nov. 30—Dec. 1 Dec. 1—2 
P |Sait| Na |-P | Salt} Na | P |Salt| Na | P |Sait| Na 
mm | mg/l |mg/1| mm | mg/l| mg/l | mm | mg/l|mg/1| mm | mg/l| mg/l 


3-9} 19.7 
4.0| 18.2 
10.1| 10.1 
16.4| 12.4 
16.6| 10.3 
Tat oO 
14.6] 5.7 
15.2| 5.6 
9.9] 3.8 
12.7| 3-5 
2.5} 6.9 
407214 
Saal rss 
A 7 
4.3) 2-4 
15.8| 8.4 
73.001877 
19.6| 6.3 
131071 
E4°7\ 7-5 
15.8] 7.5 
7340| 729.0 
18.5167 
14.7| 6.4 
1338 04.0 
13.5| 3-4 
T220 92.7, 
Missing 
| Sf 
4.6 m2 
3.8 102 
Precipitation 


2.61 
2.42 
1.98 
2.15 
220 
Da 
2.60 
1.95 
1.40 
1.25 
1.05 


AU © 
Gi lO NO) 


collected once 


at o800 and 


again at 1400, 


samples com 
bined except 
76 and 78, 


No 


which represent 


morning sam 
pling only 


2 
-9 
20 474: 
2A ees) 
270 eek, 
.6 
3 
al 
All 
empty 


8.02 


B10) 


I.20 


Inspection runs 
begun at 1400 


and 1600 


16.3| 19.5 
13.6] 20.4 
20.8 9.9 
25.8) 9.3 
1521053 
10] 10.4 
18.5| 9.9 
18.6| 8.9 
17:8 0:7 
17.6| 5.3 
14.0] 3.8 
10.7| 3-4 
Dal S05} 
5.1 3.6 
3-2] 5-3 
16.2| 17.4 
25.0] 15.0 
29.4] 13.8 
Z7-O 1 a ihiiga 
28.0] 11.6 
25.9| 11.6 
DANCE 
20:7|Ne8.8 
2/72 0027] 
Al 8 
26.6| 5.0 
17.5| 4-4 
Precipitation 
from 1600 
Nov. 30 to 


1400 Dec. I 


6.21 


6.47 
3.14 


2.90 
2.69 
3-17 
3.06 
2.70 
1.95 


1.45 


1.00 


22.3| 16.5| 5.07 
22.8| 13.1] 4.45 
35.8] 17.1] 5.60 


49.4) 14.3) 4-54 
ee Se Ax 
DA Ge] Poe 
707) All a 
67.5 203 JE 
51.6 102 .35 
37.8 | Xe) 
2278 :0|NETO 


20.6 31 2.10 


TA 2 .07 


TO. 3 .06 


16.7| 14.8} 4.96 
22.6| 13.2| 4.42 
30:70. 2774103272 
34-4| 12.0| 3.97 
33.9| 12.0| 3.89 
36.2| 12.3| 4.10 
38.6] 10.9] 3.41 
50.9 6.9] 2.26 
60.8 6.9| 2.10 
59.0] 3.7| 1.03 
A2:0 WET 42 
2722 .8 

153.31 0.728 

134.0] 17| .55 
2242) 

126.1 1.2 


Precipitation 
from 1400 Dec. 1 
to 1400 Dec. 2 


P | Salt | Na 
mm | mg/l| mg/l 


2.3 2 06 
Zee .0 05 
22: .0 04 


itr 


DEU ER ie 
sun © O0 O0 mn OU AN 
al 
un 
> 
n 
al 
D 


9.7 

3.1| 1.04 

1.3| .40 

1.0| .32 
2.4 2 eel 


Inspection runs 
begun at 1400 
and 1600 
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Table 1 (Cont'd) 
en ee ME EI EB ene nts! eo un 1 Na 


Dec 


Dec. 2—3 A Dec. 3—4 
ee 21/9 hr run 
No B Salt Na B Salt Na 18) Salt Na 
mm mg/l mg/l mm mg/l mg/l mm mg/l mg/l 
[NT | Res A) 
Saddle 
Road 
76 45.9 12.3 3-45 tr 
78 58.4 15.0 2.80 ete 
I 47.0 5.2 1.42 4.0 12.6 3.69 
2 
3 57.8 3-9 -95 4.9 6.8 2.16 
4 
À 59.5 3-0 .75 3.0 8.2 2521 9.0 Pod 1.95 
À 677 I .43 2.2 4.5 I.10 6.9 5.7 1.50 
9 70.9 77 7 4.2 1.6 .36 6.5 4.8 1.07 
10 
II 54.5 nes .06 33 3 .07 5.2 2.1 .52 
12 
13 40.4 .0 .04 2.3 2 .10 3.7 .8 .25 
14 
15 30.4 o 04 2.0 0 03 3.4 2 07 
16 
Im 19.8 8.0 .03 1.4 I 10 2.0 8 16 
18 
19 21.5 5.0 .02 I.0 .10 2.8 2 .09 
20 
21 16.8 8.0 .02 7 .10 1.5 .8 .15 
22 
23 13.3 ° «OI 3 03 i 15 
24 
2 10.7 .0 .OI 5 .52 
Kulani 
Road 
60 31.6 9.4 3.00 10.9 5.6 1.29 3 
61 56.9 7.4 2.10 9.8 4.6 1.20 a 
62 60.0 6.8 2.95 8.7 5.0 1.40 2:3 15.8 5.01 
63 733 5.1 1.50 TAN 3.4 .90 3) 14.8 4.50 
64 77-5 Sen 1.25 6.8 210 57 27 13.6 3.91 
32 80.5 2.8 .84 5.5 1.3 35 4.6 10.3 2.91 
34 84.6 2.4 72 4.7 7 2 6.8 9.0 2.32 
36 87.5 Si] 32 2.7 3 .15 8.4 6.4 1.70 
38 75-3 3 .15 DAT 3 Io 11.5 3.8 .95 
40 63.8 2 .15 16) 3 10 12.0 12 .26 
42 49.3 .0 .04 1.4 06 7.5 2 .19 
44 37H .0 .05 .5 .06 3.8 = Io 
88 34.1 .0 .02 1.3 AU 
89 28.7 .0 .10 123 3 ‘12 
90 2347, .0 .07 tr, .98 
91 17.9 .0 .07 
79 7-3 aa) | re. 
Remarks Precipitation Inspection runs Precipitation 
fromı600 Dec. 2 begun at 1300 from 1530 Dec. 3 
to 1300 Dec. 3 and 1530 to 1530 Dec. 4 
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Table 2. Data on Rain Scoop Samples Collected in Hawaii 1954 
D LE ER ER Rs ne u RTS ee 


Collection | Collection 
Time in à Time in 
Hour Minutes nu ean a Hour Minutes ae aot a 7 
and ane = and : 2 
Seconds Seconds 
Oct. 20. Club 299 Oct. 26. Saddle Road, 2,750 ft 
; 1050 49° 072 43 es 
1750 2 .38 28.0 To 1130 3/21” .104 4.0 .80 
1752 2 29 28.6 7.8 
3 : : ; 1232 1458 4 .126 2.8 32 
1801 2 .05 38.7 10.3 vun 
1804 6’ 08 357 9.7 a oP su = 
% ae ; E 1348 2 .060 6.2 1.08 
pe 3 33-3 9: 1350 LE .066 8.8 1.82 
1815 I .26 28.3 17 : Lien 8 ° I 
1816 3 .18 43-7 112 352 oe oe 4 == 
, 1354 125 .080 5.9 .76 
1819 4 .18 37.5 119 DET 
h 1356 120 .080 62 .88 
1823 3 .46 29.7 8.5 PE 
/ 1507 1°30 .066 5.2 a 
1826 12 .29 33.9 9.8 VER | 
/ 1358 LO .082 3.3 .48 
1838 8 1.32 18.1 4.9 La 
1846 4 1.60 15.7 4.3 > N 8 a = 
1850 8 .60 24.3 6.8 ie ee. pone io SE 
1858 14 BA 18.1 4.9 oat pee 2 e su = 
1945 mit’ I.10 17.3 6.1 = N ee a We 
Oct. 20. Saddle Road, 2,750 ft RE ee mo oe > 
1357 4 .150 14.8 2.92 1459 AA .096 27 .36 
+: 2°30" .204 10.5 oe 1505 1204 .104 Za 338: 
1803 2 .192 5.7 .63 1522 0’37” .104 2.9 .4I 
1806 2.35" .170 123 27 1524 0’44” .I110 2.4 230 
1815 2 .196 9.5 1.49 1533 Pa! .140 2.5 .46 
1817 2" .178 6.7 .82 1550 5/4” .066 6.5 
1819 2 ey 32 .40 1637 St .130 2a, .43 
1821 DA .140 527 .49 
Oct 26. Saddle Road, 5,520 ft 
Ge: 2% Saıe Mage 1523 > Dr 3:2 ‚36 
B a 5 | 1530 7, .042 1045, .16 
1649 41204 .07 20.0 5.22 1535 5/10” .03 Le LT 
1654 17204 .134 7383 332 1548 ray’ oe ds .26 
1655 mee .150 9.6 2.02 1559 10/30” .034 2.0 BE 
1657 Erg .220 10.0 27 1606 7 .036 1.9 LO 
1658 056” .224 ES 1.16 1610 6’ .072 5 .05 
1659 120% .156 8.0 1.33 1612 27 .076 .6 .08 
1701 A .II2 10.9 SIT 1614 24 .066 3.6 .41 
1707 066 14.6 3.70 1617 20 .054 4.9 .54 
1741 1204 .106 9.9 2.10 1619 21301 .042 5.2 .57 
0/40” .206 Fo 1.29 1622 3015, .024 .90 
1744 0’40” .158 6.3 .87 
1745 2254 .154 4.3 .56 Nov. 2. Saddle Road, 2,750 ft 
1746 0°55 .158 BES 51 1523 4’ .128 75 1.46 
1747 : 1 Be 2.5 37 1534 a .158 AO 1.46 
174 oo .086 3.8 57 1545 5 .164 6.0 1.30 
1752 0’40 .284 2.9 42 > 2307 ae 4.5 1.03 
1612 2 .084 3.5 .75 
Oct. 25. Club 299 1617 2°30” .114 27 .65 
; 1622 4° .078 4.6 1.06 
2221 a .186 25.2 1632 4 .058 5.8 1.40 
2224 Bs .102 8.2 1657 5’ .084 8.6 2.38 
2228 2 .400 4.9 1709 ap .096 9.4 2.46 
2230 2° .436 4.8 1718 4° .084 6.8 1.96 
2232 2 .600 1.8 1724 4° .094 6.0 1.50 
2234 2" .520 7 1730 5’ .084 5.0 1.39 
2236 2 20 4 ; 
eo ¥ = Ee 1747, 15 . .124 5.6 1.40 
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Table 2 (Cont’d) 


ft 


Collection Collection 
Time in Time in 
Hour Minutes 2 Sa SE Hour Minutes E pal 
oe mm mg/l mg/l el mm mg/l 
Seconds Seconds 
Nov. 2. Saddle Road, 4,500 ft 1320 a 1.060 1.5 
1553 2800 .040 1.26 1323 3% 1.800 1.2 
1556 1’30” .050 .39 1325 24 .660 .9 
1558 1/30” .066 .26 1328 Be .300 223 
1600 230% .044 .26 1331 33 .270 3.3 
1601 130% .028 1.08 1334 Bo .500 2 
1603 25 .022 1-25 1336 24 .800 1e 
1606 3! .O16 .88 1340 4 I.320 6.8 
1613 6’ .008 3.14 1345 5 1.100 ity 
1617 i .016 1.66 1350 5° .320 4.2 
1630 6’ .O18 .50 1357 za .260 723; 
1636 71 .024 sh 1400 oy .060 — 
1647 Le, .O14 .30 1417 9° .220 6.3 
1700 14’ .008 39 1435 0% .160 5.8 
1727 4 .016 27 1450 6’ .140 6.0 
1730 eK .016 A 1500 Io’ .006 
1736 sk 072 .18 
ER à +. a Nov. 7. Saddle Road, 3,500 ft 
1135 0’52” BLO 2.6 
Nov. 6. Saddle Road, 2,000 ft 1153 2/6" AG DO 
1630 224 1155 oA, .I18 1.8 
1643 I, .0I2 7 1200 0744” .300 I.o 
1706 154 1208 14122 .060 1.9 
1715 4 .012 Io 1216 OS .096 2.5 
1720 5° .020 12 1320 OS .060 3.2 
1731 TT .oIO .06 1322 057” .068 1.8 
1736 5’ .016 .16 1927 TOT .098 53 
1742 6 .020 .08 1329 TE .094 .5 
1746 4 .024 .09 1987 oan” .154 gu 
1751 57 .046 .08 1346 21 .032 
1757 Où .020 .04 1359 AUSH 132 I.0 
1402 14 .118 122 
Nov. 7. Saddle Road, 2,000 ft 1410 137 .078 2.3 
1037 4’ .320 3.4 57 1421 Ta 032 DP 
1044 On .040 6.1 1.00 1425 0’45” 124 23 
1052 4 .250 4.0 .55 1436 LÉ .064 1.2 
1057 4’ .020 1438 1/102 .052 2.0 
1154 a .006 4-54 1541 8 .016 
1158 4° .IIO 722 127 
ES 2° a 78 Eon Nov. 30. Saddle Road, 2,000 
1202 24 .IIO 4.9 07 
1204 24 .006 1747 LATE À 1725 
1238 24 .064 14.9 3.09 1748 2° 18.5 
1242 4 .060 9.9 2.34 1751 tel On 12.3 
1243 Te .150 4.5 70 1753 A 6.8 
1247 4° .040 10.0 1.87 1754 10252 6.8 
1251 4 .008 1756 24 11.0 
1301 34 .060 120 2.90 1758 2125 10.0 
1304 Be .150 8.1 1.84 1800 1725" 6.7 
1306 2% .190 5.7 1.05 1802 1°40° 9.4 
1309 By .050 7.3 1.39 1804 2720 15.4 
1312 34 .500 3.8 .60 1806 2°10" 19.7 
1314 21 .540 3.4 .51 1809 3,10% 
1315 T4 .270 1812 4 
1316 T4 .060 1815 3, 
14 310 1.9 27 1818 5/20” 


517 
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Table 2 (Cont’d) 
Collection Collection 
Time in : Time in 
Hour | Minutes 5 Bae na Hour Minutes m an Ne 1 
oa mm mg/l mg/l Ba mm mg/ mg/ 
Seconds Seconds 
| 
Dec. 2. Saddle Road, 2,000 ft 1652 14104 066 10.9 2.65 
1455 0/47" .268 20.7 6.56 1654 110” 078 9-4 7530 
1544 317! .064 34.4 10.44 1657 135° 052 11.9 3.29 
1546 14172 .550 8.4 2.38 1659 255, 959 De 3:49 
1548 ONS 74 .126 10 3.50 1702 035, 239 6.8 1.81 
1550 025” .404 6.6 1.80 1703 oro .278 (30.6) -40 
1552 0/25” AIO 5.5 1.47 1704 0,25” .410 1.2 31 
1555 1/38” .194 14.2 4.23 1795 >47 -446 1.2 +25 
1557 .070 19.7 Gr 1706 23 -348 “7 -16 
1601 24 .050 36.8 10.17 1715 055 -074 5-1 1.10 
1609 5527 .010 n.d. n.d. 1717 I .084 5-0 1.10 
1644 1,07 .184 19.6 6.19 | ‚288 | 2. -64 
1647 2 _.104 13.8 4.19 
1649 134” 28 13.6 4.18 Dec. 3: Sins Road, 2,000 ft 
1654 34: .048 21.3 6.43 1516 2 34 .084 1422 3.45 
1702 0’47” .340 13.2 4.10 1520 = .128 9.5 2.16 
1704 0/50” .156 10.0 2.93 1525 4 -076 13-7 3-09 
1708 24524 .026 7.19 1530 8302 -068 15.4 4.23 
1714 3/6” .060 22.8 6.66 1540 3, -112 12.2 3-01 
1722 BeBe .150 7.4 1.96 1543 2 10° .144 8.4 2.02 
1729 =i .040 14.2 3.20 1546 I -328 3.9 ‚90 
1550 2° .396 4.6 1.00 
Dec. 2. Saddle Road, Can 13 position 1553 #3 ‚356 1.8 -22 
0918 17842 .066 37 .68 1022 a by oe be aS 30 
0920 0/46” .046 3.8 .51I 1007 17° oO 4-3 56 
0922 1/33” .070 2.7 51 1618 3 .148 4.0 .70 
0924 1/46” .092 2.7 55 1627 3) à .130 23 .25 
0926 057” ‚130 16 30 1640 6,30 .062 6.8 1.04 
0928 1723” 134 ro 19 1657 4 E22 Tat 3.00 
2952 118” 0% 1.8 ST Dec. 3. Saddle Road, 2,750 ft 
Dec. 2. Saddle Road, 2,750 ft (a.m.) Sie 22 oe 1.38 
Bons ee 6 125 pe, 445 1°32 .0 5.0 1.10 
Br ro” 176 66 ne 144 2, 4.6 .90 
ig : : : 1450 MTS .062 22 .40 
8 . / ” 
nn ne SR x = 1451 052 094 2.2 56 
1002 0/29” 228 = X Bo DAT, es = = 
1004 17 240 2.1 es a pach 2 Fa 
1006 063” .074 1.8 .60 ae an N Se Re 
1621 654” .0 1. o 
Dec. 2. Saddle Road, 2,750 ft (p.m.) 1636 BERN en an 
1516 157° .068 29.9 8.99 1639 14194 .064 6.3 1.51 
1518 1:35, .068 23.7, 7.10 1642 1133” .062 27 .59 
1522 Cas .032 29.6 8.74 1644 1374 .070 1.4 35 
1527 4°30 .044 32.4 10.00 1648 2204 .086 Tet .18 
1537 ae .064 DIT 6.55 1651 205 .094 I.4 .4I 
1634 1730” .110 12.1 3.55 1653 10574 .072 PP .42 
1636 940% .126 11.0 2.80 1656 1754” .062 1.8 .52 
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RE _ _ __  _  _  — 
gh 6°E1 sh Gz 
£'or € He bz 
a ae Jr zS 4|z'gı 99 er €z 
6°61 oS zz 
gr |g gil rı> on AE z'OZ es U 
rs € z9 ore oz 
of ge 42-2 z'6 Z'Qz £'e 61 
tı> zg {|Z bz ç C'9 gI 
6'I Gz rı> Qu Same 897 99 {fee 23 
ile p'z£ L Lg 9I 
8 JES WARS CET 89 ot 6°%1 9'z£ 9 9 Ace SI 
on bof € 9S KT Lae 
I'v 9'I 87 FEES 6S | tı> ST ET TIR 89 4166€| + zg C'hI Shi 
Lees REA A MS to ıtı ZE 
ZI ANS) gI oz lo‘ ze zb |SS | tı> gr |/'or 6'77 9'Lv| z 09 I'OI II 
LY or AS 2 09 6'g1 OI 
z'g oz 20.36 wo), | ae Ss ee Kae re 27.1967 129 iz gs O'RI 6 
rg 129 OL | OC RUE gs 6'g81 8 
ZI 9z |g'9 oz tz |¥'9 ze ge Le G'zz CRTC £'oS| 1 gs 6'gI L 
LA CARACAS 09 0'61 9 
6001| oz o£ |6°8 eu || wanes Ge PRADA gı |6°6€ RC] a z9 L'or ¢ 
re Coe ME z9 £61 + 
FI Of eS vz roa RSA gb or Ihr r°6z z'9£ | 09 CYR ARTE ME £9 8'61 € 
9° MS Ne z9 9'61 Zz 
LS EZ les Joe eo NCAA) faye gı |S'hz [Everall 15 09 z'eI I 
QI gz Jjo'gı gl 
gI 9£ |1'91 94 
Ne LENS Nae NE Ne | No Ne Nr Nets | Ne Nee | BN oe NEA N 
on nen) À Ionen] À onen] À nen 4 ton -nenl I son —nenl À ton |—nenH| À ae 
oobi—oolil he 
€—z ‘AON 6z—gz ‘YO gz—Lz ‘390 Lz—9z ‘390 IZ—0Z 490 07--61 ‘390 


L “AON 


"wu ur (q) uoryezdrooid for 104 surersoror ur suor}yeryUI0U0D 
-[fezureg uerreme UI SUOIBIJU2OUOS U9SOIJIN Yen pue eruowwmy “£ 9[qUI, 
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Table 4. Chemical composition of Hawaiian rains. 


a —-—"—— 


Height | Distance oof, Te 

above from En ele a pH Renan 

sea level] sea in 3N— — — 

mete eel ie | Ne RSS REA el LE 
1325 6.3 Tie) || EA | IC |] salir er 06 | <.o1| 2-43] .29 | 5.2 | [ Saddle Road 
1725 8.1 19.8 | 1.16 | .09 | .34 | -35 .06 | <.o1| 2.03| .26 | 5.2 | | samples Oct. 19— 
2100 9-7 19:81:30) | oaitey || oRIGY || asXe: -06) | =.or| 2-61 |) 220 1 5.2 ||| Oct. 20 "Her bts 
2700 12.4 THO || —oXSh || OLS |= 23.075 .06 | <.o1| 1.12] .2I | 5-4 ||] and distances | 
3680 15.9 HO, los || com || oe .06 |<.or| .53| .11 | 5.5 | | averagesofsever-| | 
5550 29:3 0:61 antey| ev |) omnis. TS .06 |<.or| .28| .08 | 5-7] \ al. 

30 I-0 5-40 N°37 |) -92) |, 47 08 .05 | 9-63] -64 | 4-8] [ Saddle Road and 
1620 7.6 3.80 | .19 87. 07, .08 .05 | 6.87 | .53 | 4.9 | | Club 299 samples | 
2630 12.3 2.09| -14 | 5717 244 +07 .05 | 4:62 | .29 | 4.9 | J Oct. 20— Oct. 21. | 
4080 19-4 .98| .o9 | .60 | .49 -07 .02 | 2.49] .27 | 5.0| | Heights and dis- 
5330 25.8 .40 | -06 41 27 "O0 TON ||) aA] TORRES: tances averages | 

| of several. 
Sampl | 

HO time 

1752 oe 501077102102 2228207 -07 | 13.9| -88 | 6.3 | [Samples taken 
1813 2. 370 29:2) | aA: || 20728) CUT -09 | 15.5 | I-00 | 6-3] | at Club 299 
1826 3% .46| 8.5| .99 | 1.93 || ar .05| 15.0| .85 | 5.7 (a) general 
1838 12’ 20 | 9:8112..802 13.048 72:08) 1 -05 | 16.8 | 1.26 | 5.4 | | sample for the 
1846 8 1.3211 4-01 OAM 177-370 ,.7-491 eo -00| 8.9] .65 | 5.1 |} whole period 
1850 4° T.00104:3 10.248 | ee Ons TO) OS 100) Er ez Seles al (b) precipita- 
1858 8 60| 6.8| .62 | 1.64 Ha © -05| 12.0| .98 | 5.1 | | tion the following 
1956 p14 sey 82:9) 8:49 177216 .42| -08 -05 | 8-0} .67. 75-2. | night. 

(a) 7.44| 6.3| -40 | .94 30108 |) | | 

(b) 2.00| 2.9| -24 | -83 .87| .08 SE 3 ON |) 5 


basis there are more cations than anions. 


compared to sea water using Na as a reference 
This means that there must be some unknown 


differs from sea water significantly. Generally 


there. is an excesssor K a, Momie O Find 
sometimes Cl, apart from ammonia and ni- 
trate. Further the pH is lower than would 
be expected by mere dilution of sea water. 
It can also be shown that on an equivalent 


anions present in noticeable concentration. 
Except for ammonia and nitrate which are 
very low, the Hawaian rainwater does not 
differ basically from rainwater collected near 
the Swedish west coast. 
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Atmospheric Sea-Salt Nuclei Data for Project Shower 


By A. H. WOODCOCK 
Woods Hole Oceanographic Institution, Woods Hole, Massachusetts 


(Manuscript received July 18, 1957) 


Abstract 


This report presents, without discussion, extensive data on the distribution of sea-salt nuclei 
in Hawaii during the field activities of Project Shower. References to studies and digests of similar 
data from this region are given. It is pointed out that one of the major purposes of obtaining 
these data, simultaneously with the other data presented in this volume, was to test an hypothesis 
of raindrop formation by tracing the salts in the nuclei to the salts in solution in the raindrops. 


The reader is invited to use these data for this or other purposes. 


During the field program of Project Shower 
in Hawaii an effort was made to measure those 
properties of the lower trade-wind atmosphere 
which were thought to be most significant in 
the formation of the orographic shower rains 
of the islands. In so doing it was expected that 
a final analysis of these measurements might 
reveal relationships useful in testing various 
hypotheses concerning the generation of these 
rains. 

Among the properties of the trade winds 
thought to be important in (warm) shower 
rain formation is their salt-aerosol content. The 
purpose of this note is to present the salt 
nuclei observations made by the author (see 
Table I). The reader may thus study these 
data in relation to the other extensive Project 
Shower observations given here, and form or 
test his own ideas of shower rain or other 
meteorological processes. 

Descriptions of the salt-particle sampling 
and measuring techniques used to obtain the 
data of Table I may be found in the meteoro- 
logical literature (Woopcock and GIFFORD, 
1949 and Woopcock, 1952). These methods 
have also been tested and used by other inves- 


Tellus IX (1957), 4 


tigators (BOYCE, 1954, CROZIER, 1954, TWOMEY, 
1954 and 1955). 

Numerous measurements and studies of air- 
borne sea salt in Hawaii have been made. 
They revealed great differences in the sizes 
and numbers of these particles which were as- 
sociated with change in wind force, altitude, 
and location (Woopcocx, 1953). These studies 
also suggested the existence of relationships 
between the amount of airborne salt nuclei 
and the total amount of rainfall (Woopcock 
and Morpy 1955 a), and between the weights 
of individual salt nuclei and the weight of 
salt in solution in raindrops (Woopcocx and 
BLANCHARD 1955 b). 

Additional discussion of methods and of the 
salt-sampling results given here seems un- 
necessary at this time, since it would be repeti- 
tious of material published in the journals cited 
above. However, a few comments about other 
factors pertinent to these results may be useful. 

Table I seems to be the best form of presen- 
tation of the salt-particle data. From it one can 
readily derive graphically the many quantities 
concerning particle number and mass distri- 
bution. 


Table 1. Sea-salt nuclei data presented as cumulative number of particles per cubic meter of air. 
table, represent the lower limiting weight 


Cloud Numbers of salt particles M~ of air 
Sample Time Date Altitude Ta N; nk 
Number | LCT. 1954 feet 2 (feet) 0.17 4:4 20.6 56.1 

I 1120 | IO-13 2,500 | 18.6 | 17.3 | 3,000 630,000 165,000 48,000 16,800 
2 1206 10-16 2,200 | 19.I 27:70 02,500 335,741 119,741 38,741 9,741 
3 1150 10-16 4,300 | 15.1 1323 as 500 163,600 56,600 24,600 7,300 
4 1045 10-18 500 | 24.1 | 20.0 | 2,200 608,436 140,430 45,436 19,436 
5 1055 10-18 1.0005 [5 22.02 51:9:98 22,200 481,430 137,430 39,430 11,730 
6 1037 10-18 2,000 | 20.I 18.1 2,200 511,630 180,630 64,630 20,130 
7 1503 10-20 1,000: | 22.8 | 20.7. | 1,100 456,218 1772208 56,218 18,218 
8 1430 IO-21 1,000 23,4 20.9 2,000] 1,656,976 366,976 97,967 36,976 
9 1506 10-23 7,5002 0217.92 |12.12:91 21.000 710,549 250,549 60,549 25,549 
Io 1220 10-26 500 | 24.2 | 20.8 | 2,000| 2,134,500 394,500 80,550 33,550 
II 1208 10-26 1,700 | 21.6 | 19.2 | 2,000] 1,069,427 303,427 98,427 36,627 
12 1515 10-30 2,600 | 19.6 | 15.8 |(nocu)| 1,040,000 137,000 33,000 7,400 
13 1640 II- 2 1,500 | 21.8 | 20.0 | 1,850] 2,180,000 410,000 103,856 34,856 
14 1505 11- 6 700 | 24.0 | 21.6 | 1,000| 1,280,000 160,000 28,532 11,532 
15 1630 11- 6 350002 019,62 18.17.82 027,000 440,000 48,000 3,000 
16 1610 11- 6 4,000 | 18.0 | 16.7 | 1,000 400,000 1,800 185 
17 1039 II- 7 1,300 | 22.5 | 20.4 | 1,650) 1,072,800 376,800 72,800 23,800 
18 1056 a 3,000 | 19.1 16.8 | 1,650 265,520 78,520 17,020 4,720 
19 1105 TN 7 4,500 16.6 14.4 1,650 224,020 66,020 9,420 1,720 
20 1116 11- 7 6,000 15.0 10,3 1,650 34,540 8,140 640 
21 1448 II- 9 8005 723.50 20:2 1,000 914,824 171,824 33,824 10,624 
22 1513 II- 9 30008 19.9, 770.4. 078000 389,187 91,187 26,187 4,087 
23 1527 II- 9 4,500 | 16.7 | II.Q | 1,000 36,610 10,410 2,410 270 
24 1634 11-14 175500917. 2126 19.5 1,200 425,709 132,769 39,769 5,709 
25 1646 11-14 3,000 | 19.1 16.7 | 1,200 377,310 80,310 9,810 910 
26 1709 11-14 4,500 || 16.8 | 15.0 |) 1,200 86,240 15,940 1,140 
27 1521 II-22 5009 24. OF 020,72 02,30010.11845972 220,972 62,972 175972 
28 1532 11-22 PROX || ON || AEA || PATO) Bowie vig! 314,344 61,324 18,324 
29 1550 11-22 4,100 16.6 14.5 2,300 553,750 193,750 35,750 11,350 
30 1630 11-22 7,8004 7.75.05 912.02 82,300 538,417 97,417 15,417 5,217 
31 1630 11-22 71550040 74.27 70.9010. 2,300 463,467 90,467 16,467 5,167 
32 1605 II-24 2,400 19.0 17 2,700 829,691 221,091 58,691 17,091 
33 1557 11-24 4,0004 51.0:45 9412.92 102,700 844,410 189,410 54,410 13,310 
34 1551 11-24 5,500 | 15.5 71812700 191,320 33,320 6,520 1,120 
35 1521 11-24 6,300 — — 52,700 10,390 2,290 690 
36 1600 11-25 1,500 | 21.2 | 17.6 | 3,000] 3,200,000 540,000 115,000 30,000 
37 1546 11-25 3,000 | 18.1 14.0 | 3,000| 1,633,334 313,334 109,334 25,234 
38 1539 11-25 5,500 1337 10.3 | 3,000 790,850 120,850 15,250 5,350 
39 1528 11-25 8,000 1220 470 035066 109,014 2252, 6,414 I,0I4 
40 1658 11-26 1,500 | 20.6 16.7 | 3,200] 2,500,000 490,000 160,000 35,000 
41 1518 11-26 2,8001|T7 08 T4 83200 833,219 261,219 79,219 33,219 
42 1529 11-26 4,500 | 15.1 TO.72| 3,200] 15,779,550 279,550 45,550 15,950 
43 1537 11-26 6,000 12.8 4.0 3,200 375,430 79,430 18,430 7,430 
44 1549 11-26 8,000 9.7 170035209 39,280 5,780 980 190 
45 1517 11-30 1,500 | 20.6 | 17.7 | 2,200] 2,500,000 460,000 122,000 21,000 
46 1423 11-30 2,0005 | LOLS || 17.) 2,200) 250575576 592,576 174,576 59,576 
47 1435 11-30 35002|7716:03| 13.7217 2,200| 1,009,250 331,250 77,250 31,550 
48 1442 II-30 5,000 | 13.8 10.5 | 2,200| 1,404,070 234,070 41,070 19,070 
49 1451 11-30 6,500))| "11.2 9.0 | 2,200 368,200 66,200 8,200 I,400 
50 1505 11-30 8,000 | 10.6 27 122,200 53,220 8,220 820 
51 0827 12- I 2,300 18.6 15.8 1,800| 4,150,000 800,000 205,000 60,000 
52 1440 12- I 2,100 | 19.7 | 16.8 | 2,300] 1,510,972 470,972 121,972 37272 
53 1448 I2- I 4,000 | 15.3 12.3 | 2,300] 2,449,860 429,860 87,860 31,260 
54 1457 12- I 6,000 | 12.4 6.7 | 2,300 513,770 96,770 24,170 4,970 
55 1509 12- I 8,000 9.4 4311822300 76,350 10,950 1,750 
56 1506 12- 2 500 | 22.3 | 18.7 | 2,100] 4,000,000 710,000 148,000 28,000 
57 1412 I2- 2 230005 179.3 10:07 |7.2,100 32,433:025 433,925 138,925 72,425 
58 1421 12- 2 3,500 16.5 13.72 |, 2,200). 1,937,7.20 167,710 43,710 9,710 
59 1428 12- 2 5,000 | 13.0 9.9 | 2,100| 1,579,970 209,970 44,970 10,970 
60 1436 12- 2 6,500 | 11.6 8.3 | 2,100 33,040 5,040 640 
61 0827 12- 3 4,000 | 14.6 | 11.8 | 1,300 900,000 130,000 27,500 2,000 
62 1334 12- 3 2,500 | 17.5 14.9 | 2,200 818,900 298,900 117,900 53,900 
63 1345 12- 3 4,000, 1777 |7.17.7. 2,200 527,840 96,840 24,840 6,540 
64 1356 12- 3 55008 072.4 9.72 02,200 95,010 18,510 5,110 410 
65 1402 1223 7,000 19 5.5 2,200 86,400 13,100 3,200 
66 0827 12- 5 500 | 22.1 18.4 | 2,000] 1,400,000 290,000 78,000 11,500 
67 0823 12- 5 3,000 | 17.2 | 14.2 | 2,000 730,000 175,000 17,000 


The nucleus weights, given at the tops of each of the columns of numbers on the right side of the 
in each weight-range category 
| 
having weight greater than that given at stop of each column (unit =107 1? g) 
Bere ls 
120 | 218 | 362 | 550 | 800 | 1120 1520 2540 | 3200 4000 me | 28 | 362 | 550 | 800 | wzo | 1520 | 2000 | 2540 | 3200 | 4000 | 4900 | 5900 4900 5900 


6,300 2,250 870 350 - 80 

4,841 2,8270 RT OS 981 501 251 81 

2,500 800 130 60 30 Io 

9,236 5,036 | 2,636 | 1,036 236 ‚76 16 

4,530 2,030 800 270 

8,130 2,530 910 360 177 52 mer 3 
9,218 4,418 | 1,218 318 
20,076 | 10,076 | 6,126 | 3,636 | 2,026 | 1,316 780 481 292 
11,149 5,649 | 2,389 | 1,149 549 219 | 118 59 21 
13,550 5,090 1,260 

11,227 4357 | 1,587 897 457 227 | 116 54 24 


900 
11,856 3,956 | 2,216 1,321 696 293 IIg 41 
5,632 3,392 | 1,772 762 245 114 43 14 


7,000 1,760 770 300 90 40 27 6 
1,020 290 
580 90 


3,744 1,864 784 364 174 85 28 9 
1,247 247 67 14 


8,872 4,072 | 2,092 1,042 297 
7,124 3,464 1,064 619 319 III 50 20 


6,591 273 Net TON 451 21I 114 37 9 


11,534 6,134 | 2,634 | 1,374 694 381 | 190 83 31 


11,019 4,819 | 2,399 | 1,089 449 222 80 20 
9,050 4,250 | 1,270 
2,830 1,120 280 


19,576 8,60701| 405011822800 Nr 120 406 IOI 
9,350 4,980 1,660 660 
7,979 2,570 990 200 


16,672 0,4720 03,032. 101,972 952 452 162 33 
15,660 7,560 | 4,390 | 2,090 630 ZO 
1,670 5,570 230 


34,925 | 15.425 | 8,245 | 5,215 | 3,485 | 2,425 |1,545 | 835 | 415 
4,970 2250010120 370 
3,470 | 1,370 510 170 


15,300 
2,340 570 
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Thirty airplane flights were made in order 
to take the samples of sea-salt particles from 
which the data of Table I were derived. These 
samples were taken at various altitudes over 
the sea and a few miles east of the windward 
shore, near Hilo, Hawaii, using a light single- 
engine (Cessna 170) aircraft. Measurements of 
the salt-nuclei content of the trade-wind stream 
were thus made a short time before the air 
passed over the high-rainfall regions south and 
west of Hilo (see Location Map). 

An effort was made to adjust the timing of 
the salt-nuclei sampling in the trade winds so 
that at least some of the rain subsequently 
sampled on the mountain side might come 
from approximately the same mass of air in 
which the salt nuclei were obtained. One of 
the major reasons for-taking these samples of 
nuclei and rain was to attempt to trace the salt 
in the nuclei to the salt in solution in the rain- 
drops, and thus to make further tests of the 
proposed salt nuclei-raindrop hypothesis. 

With the exception of samples 30 and 31, 
all of the nuclei represented in Table I were 
sampled over the sea approximately along a 
line lying between positions 19° 52’ N, 154° 
53’ W and 19° 4o’ N, 154° 50’ W (see Map). 

Samples 30 and 31 were taken over inland 
Hawaii, in the saddle between the mountains 
Mauna Loa and Mauna Kea. The altitude of 
the airplane was approximately 500 feet above 
the lava fields of the “saddle” when sample 
30 was taken, and 1,000 feet in the case of 
sample 31. The flight line while sampling was 
between positions 19° 41’ N, 155° 25’ W and 
10 ATEN 21358300 We 

In some cases, and for various reasons, the 
larger salt particles in the samples were not 
counted. Examples of these cases are samples 
40, 56, 62, etc., Table I. In most cases, however, 
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an effort was made to extend the “reading” of 
the sampling slides to the sparsely-distributed 
giant nuclei, which are present in numbers of 
tens or hundreds per cubic meter of air. 

The wet-bulb and the dry-bulb temperatures 
given in Table I were measured from the air- 
craft at the time the salt nuclei samples were 
taken, using mercury thermometers manually 
exposed to the air stream. Thermometer error, 
tested with a U.S. Bureau of Standards ther- 
mometer, did not exceed .05° C, within the 
temperature ranges given. A small correction 
has been made for the temperature rise due to 
dynamic heating of the thermometers exposed 
at a flight speed of about 65 mph. 

The altitudes given in Table I were taken 
from the airplane’s altimeter. This instrument 
was adjusted, on each flight, to the pressure 
and altitude at the nearby Hilo Airport, and 
seemed reasonably accurate. For instance, by 
flying low over the cinder cone Puu Huluhulu 
in the “saddle” area (altitude 6,760 feet), the 
indicated altimeter altitude was found to be 
only so feet less than the correct value based 
upon a nearby geological survey “bench 
mark”. 

Cloud base altitudes listed in Table I are 
the minimum heights of the trade-wind 
cumulus measured by altimeter during the 
salt-sampling flights. Maximum cumuluscloud- 
base altitudes observed during the flights were 
often many hundreds of feet greater, indicating 
a very considerable variability in the condensa- 
tion lifting level in one area during a short 
time interval. 

The author is indebted to Mr. W. W. Stearns, 
pilot of Murray Air Ltd., Honolulu, whose 
interest in this study, punctuality and precision 
flying made the salt-nuclei sampling flights a 
pleasure as well as a success. 
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Condensation Nuclei in the Vicinity of the Island of Hawaii 


By D. C. BLANCHARD and A. T. SPENCER 


Woods Hole Oceanographic Institution, Woods Hole, Massachusetts 


Abstract 


Condensation nucleus counts made in the maritime trade-wind air in the vicinity of the 
island of Hawaii have been found to average from 140 to soo nuclei cc}. The addition of nuclei 
to the air by industrial processes on the island of Hawaii and their transport by land breezes and 
variable winds can produce a complex spatial distribution of the nuclei. 


- 

In making preparations for Project Shower 
it was felt that it would be advantageous if a 
semi-continuous monitoring of condensation 
nuclei could be obtained. The usual methods 
of obtaining condensation nucleus counts are 
very laborious and may require a half-hour or 
more for a single determination. VONNEGUT 
(1950), in an effort to avoid this problem, 
constructed a device that continuously drew 
samples of nucleus-laden air into a small 
expansion chamber. A cloud was formed 
about the nuclei by a controlled expansion of 
the air in the chamber. The light from a 
standard light source was scattered from the 
cloud and picked up by a photomultiplier tube. 
The recorded output of the photomultiplier 
was a function of the number of nuclei. This 
continuous nucleus counter of Vonnegut’s was 
designed to be used with commercial A.C. 
power and thus no attempt was made to make 
it compact and portable. 

Our nucleus counter was essentially the same 
design as that used by Vonnegut, but as we 
wished to be able to use the counter up on the 


mountain slopes behind Hilo as well as in light 


planes it was made as light as possible and 
entirely portable. Dry cells provided the power 
for the photomultiplier, amplifiers and the D.C. 
motor that created the expansion. The ex- 
pansion was obtained by pulsating a diaphragm 
that served as the top of the expansion chamber. 
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One of the problems to be investigated with 
the continuous nucleus counter was that of the 
nucleus variation in air that flowed in from 
over the sea. During a previous field trip to the 
Hilo area A. H. Woodcock had made measure- 
ments with a Schultz type nucleus counter 
within and down-wind from orographic clouds 
which indicated, on one occasion at least, counts 
near a value of one per cc. Woodcock then 
raised the question as to whether such low 
nucleus counts might result in a sparse distri- 
bution of cloud drops. If low numbers of cloud 
drops are formed then further lifting in the cloud 
would allow rapid drop growth by conden- 
sation processes. An experimental verification 
of this was recently carried out in the lab- 
oratory by Gunn and Pruzrrrs (1957). Rep- 
eated efforts during Project Shower, both 
with the Schultz and the continuous nucleus 
counter, failed to repeat Woodcock’s obser- 
vation of low nucleus counts. It was soon 
learned that the Project Shower experiments 
coincided with a time when the burning of the 
cane fields associated with sugar cane harvesting 
was at its maximum. As these cane fields were 
along the edge of the sea on the windward 
shore it seemed likely that many of the nuclei 
from the burning would eventually end up in 
the orographic clouds. Several traverses made 
along the Saddle Road and on up to Hale 
Pohaku (about 10,000 ft. on Mauna Kea) 
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indicated erratic and high counts. On one such 
occasion during the day the count at Hale 
Pohaku was about 9,000 cc-1. As this un- 
certainty as to when and how much the cane 
fires would modify the nucleus count was one 
that could not be easily resolved it appears un- 
‘advisable to consider any of the determinations 
in any detail. However, several features did 
come out of the work that may be general 
enough to prove of interest here. 

In our attempt to obtain nucleus counts in a 
region unaffected by industrial and cane fire 
smoke, counts were made in a region about 5 
miles southeast of Hilo. This area has no cane 
fields or any other industry windward to it. 
On two occasions simultaneous counts were 
made with the continuous counter, a Schultz 
type counter and a Casella counter. The con- 
tinuous counter was used to indicate relative 
changes in the count while the other two 
counters obtained the actual count and acted 
as a check one against the other. The agreement 
between the two makes of nucleus counters 
was satisfactory with the average counts on the 
two days averaging from 140 to 500 nuclei 
cc!. From this and other considerations it is 
believed that counts of about this magnitude 
may represent the general background of 
nuclei in the lower region of the trade wind 
flow as it comes in over the island. These counts 
compare with the average of 290 cc"! obtained 
in the Pacific by Outa (1951) approximately 
650 miles east of Japan. 

Junge (see an account of his work elsewhere 
in this volume) made some nucleus counts in 
clouds on the side of Mauna Loa at an elevation 
of 5,000 feet. He found nucleus counts as low 
as 20—30 cc”! and attributed the low numbers 
to removal by condensation processes within 
the cloud. 

As a result of radiational cooling of the 
island at night a strong land breeze can exist 
in the sub-cloud layer to such an extent as to 
back up the trade wind flow for many miles. 
As this breeze flows down the mountain slopes 
and over the industrial areas of the island it 
may pick up high concentrations of conden- 
sation nuclei. By the time the sun rises and 
trade winds again become predominant this 
nucleus-rich air has penetrated many miles to 
windward. Consequently the apparent mari- 
time trade-wind air coming in over the island 
should be rich in nuclei for several hours. An 
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experiment that seemed to verify these ideas 
was carried out on 19 October 1954. The 
continuous nucleus counter was mounted on 
the bow of a Coast Guard cutter that was to 
leave Hilo and proceed on an approximate 
NNE heading for 10 miles. For approximately 
the first 6 miles the nucleus count was extremely 
high, slowly decreasing to a low value only 
during the last 4 miles of the outbound trip. 
The continuous counter was off during the 
inbound trip with the exception of the last 4 
miles. From this point on into the shore the 
nucleus count was low. These observations 
suggest that the land breeze front, as inter- 
preted from the condensation nucleus counts, 
was about 6 miles out at 0950 and at some 
time prior to 1120 (the time of docking of 
the boat) passed over the shore. 

Many soundings were made with the con- 
tinuous condensation nucleus counter mounted 
in an aircraft. The expansion chamber, driving 
mechanism and photomultiplier were mounted 
within a small watertight container and 
attached far enough out on the wing so as to 
be free from any pollution from the aircraft 
engine. An automobile battery and a converter 
powered a modified Esterline-Angus recorder 
which gave a continuous record of the fluctu- 
ation of the condensation nuclei. Examination 
of the records indicates that the distribution of 
condensation nuclei in the air just offshore 
from Hilo is indeed complex. The Hilo radio- 
sondes, on occasions, will show winds onshore 
at low altitudes and offshore at higher altitudes. 
This offshore air may be exceedingly polluted 
with condensation nuclei from cane fires an 
automobile exhaust. It is difficult to estimate 
how far offshore this high level air is carried 
or to what extent and at what time it will be 
carried back over the island. Thus it would be 
misleading to assume that all of the air passing 
in over the coast has the characteristically low 
nucleus count of maritime trade-wind air. It 
would appear that no generalization can be 
made concerning what the nucleus count 
might be on the slopes behind Hilo. In each 
case one must consider carefully the past 
history of the air. 

A single example will be given to illustrate 
what can be found over the sea east of Hilo. 
On 4 November 1954 an aircraft sounding, to 
determine the variation of condensation nuclei 
with altitude, indicated a region of high con- 
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centration which was undoubtedly of land 
origin. The sounding commenced at 1,800 ft 
with the continuous nucleus counter indicating 
< 500 cc-!. The count was constant up to 
4,800 ft. where it began to increase reaching a 
maximum of several thousand cc-! at 6,000 ft. 
and then dropping to a low value at 6,300 ft. 
and remaining low up to 7,000 ft., the highest 
altitude reached. A Casella nucleus counter 
was used to check the readings of the continu- 
ous counter. An air sample for the Casella 
counter was obtained by holding the counter 
out in the airstream and drawing in the air 
sample. The Casella counter indicated 270 
nuclei cc”! at 1,700 ft., 4,000 cc-! at 5,400 ft. 
and 230 cc-! at 7,000 ft. The “wedge” of 
nuclei shown by the continuous counter at 
6,000 ft. was thus verified by the Casella 
counter. The continuous counter showed a 
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nearly identical pattern on the sounding from 
7,000 ft. on down. These soundings were made 
from 1600 to 1717, coincident with the 1700 
radiosonde at Hilo. The Hilo sounding indi- 
cated surface winds from the SE changing to 
W at 5,700 ft. and nearly N at 7,000 ft. The 
westerly winds from off the island at 5,700 ft. 
were responsible for the high numbers of 
condensation nuclei. 

From this and other soundings one must 
conclude that to some extent during the 
Project Shower experiments condensation 
nuclei produced in high concentrations on the 
island will be in the air that passes through the 
orographic clouds on the slopes behind Hilo. 
Whether these nuclei are within the cloud 
during formative stages of the rain or whether 
they are confined to only the lowest regions of 
the cloud is a question that remains unanswered. 
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Chemical Analysis of Aerosol Particles and of Gas Traces 


on the Island of Hawaii 


By CHRISTIAN E. JUNGE, Geophysics Research Directorate, Air Force Cambridge Research Center 


Air Research and Development Command 


Abstract 


Aerosols of two different size ranges with radii between 0.08 < r < 0.8 y (large particles) 
and 0.8 < r< 8 (giant particles) were analyzed for NH,+, Cl-, SO, — — and NO. Parallel 
with this, the concentration of corresponding gas traces, that is of NH;, chlorine components, 
SO, and nitrogen dioxide was measured. 

The results show that the giant particles consisted almost entirely of sea spray. Their content 
of NO, was small compared to the data from the East Coast of the United States (Round 
Hill, Massachusetts and Homestead, Florida). 

The Cl content of the large particles was less than 1.5 % of that of the giant particles, con- 
firming previous data which showed that the sea spray is almost completely restricted to particles 
larger than 0.8 u radius. The large particles contained NH, in amounts comparable with the 
other components, indicating the presence of other than sea spray nuclei in this size range. 
The NH, is probably present in the form of (NH;)2SO4. 

Both particle sizes were completely missing in the raining orographic clouds. 

All gas components were found to be present and the concentrations did not fluctuate very 


much. They were washed out, to a small degree, if at all, by rain. 


I. Introduction 

A previous paper (Junge 1954) gives results 
on the chemical composition of natural aerosols 
which were obtained in the coastal region be- 
tween Boston and New York. Air masses of 
this area, even with onshore winds are almost 
always subject to continental influences such 
as industry and densely populated areas. In 
order to find out what substances are due to 
this continental influence, a location had to be 
selected where this influence is negligible. 
Measurements were, therefore, made in con- 
nection with Project “Shower” on the Island 
of Hawaii during October and November 
1954. Here on the east coast in the onshore 
winds, the influence of any continents should 
have been reduced to a minimum. Further- 
more, the high mountains of this island pre- 


sented the opportunity for measurements at 
different altitudes with respect to the cloud 
level. 

Besides the chemical composition of the 
nuclei, certain gas traces were measured. The 
results of previous research seemed to indicate 
the presence of gas traces in our atmosphere, 
in concentration comparable to those of the 
particulate matter. Departures from the ratio 
of Nat to Cl in rain water, e.g., necessitate 
some such assumption with respect to Cl. 
However, this question, which is of interest 
in cloud and fog chemistry, had never been 
tested by direct measurements. 

Measurements of the gaseous components 
had been made previously only in studies of 
air pollution. The concentrations present in 
polluted air are greater by two or three orders 
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of magnitude, and conclusions from these 
data can hardly be drawn for uncontaminated 
natural conditions. In the chemistry of un- 
polluted air no attempt was made to separate 
gases and aerosols to the knowledge of the 
author. Almost always, the air was bubbled 
through an absorption solution, which retained 
both aerosols and gases, but with different effi- 
ciencies. Progress in this field could only be 
obtained by separating the gaseous components 
from the aerosols. 

The following analytical program was there- 
fore planned: 

1. Aerosols: Separate collection and analysis 
of two size ranges, large particles with radii 
between 0.08 and 0.8 w and giant particles 
with radii between 0.8 and 8 w. Analysis for 
thesions Cl’, SOS, NO, and NH, 

2. Gas traces: Analysis for gaseous chlorine 
components, SO», nitrogen oxides and NH;. 

Similar measurements were performed in 
July—August 1954 on the east coast of Florida; 
the results of these measurements are discussed 
at another place (Junge 1956). 


2. Methods 


Aerosols. The method for sampling and 
analyzing aerosols is discussed in detail in (Tr). 
By further refinements of the spot tests and by 
greater personal experience, the limit of detec- 
tion could be lowered for a number of com- 
ponents. The old (I) and new (II) limits in 
microgram y are: 


ea SO ge NE SENDE 
I 0.2 1.0 O.I O.I 
II 0.05 0.5 0.05 0.05 


The limit of detection in terms of the con- 
centration is obtained by dividing these figures 
by the volume of the air sampled. Since most 
of the samples were taken from two or more 
cubic meters of air, these concentration limits 
in y/m? are still lower. 

Gas traces. The gas traces were collected 
by bubbling the air through an absorbent in 
a wash tube at a flow rate of 200—300 cm?/sec. 
In order to obtain a concentration as high as 
possible, a special form of wash bottle was 
developed which contained only 25 ml of 


1 These methods were partly developed under Con- 
tract No. AF 19 (604)-1022 of the Air Force Cambridge 
Research Center by Dr. D. P. Norman, Skinner and 
Sherman, Inc. 
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absorption solution, but worked with high 
efficiency. A cone of fritted glass was mounted 
at the end of the inside glass tube (Fig. 1) and 
was covered with the absorption solution. 
Several polyethylene baffles were attached to 
the glass tube to collect droplets and a final 
spray trap was fixed to the outlet. The evap- 
orated water was replaced during the run 
from a storage bottle on the top of the ap- 
paratus at intervals of about half an hour. At 
the end of the run the solution was drained 
through the bottom stopcock. 

The loss by spray during a three-hour run 
was found to be only 3 percent of the absorbing 
reagent in the 25 cm? solution. Checks on the 
efficiency of the gas traps by using two traps 
in tandem showed that more than 90 percent 
of all the gases investigated were absorbed. 

All aerosols were carefully removed from 
the air stream before entering the wash tube. 
At first the air passed through the same rec- 
tangular tube used with the impactors, in 
order to eliminate particles with radii larger 
than 8 u. This was a protection against fog 
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droplets and other coarse contaminants of the 
air that may harm the subsequent millipore 
filter. These millipore filters have a very 
homogeneous pore size, low flow resistance, 
and a high collection efficiency. They were 
carefully checked for efficiency under field 
conditions, since the presence of gas traces 
could only be detected with certainty if no 
significant amount of aerosol material passed 
the filter. The following checks were made: 

a. One of the impactors, which collects 
particles down to a radius of 0.08 u was placed 
behind the millipore filter and run for two 
hours. The number of particles found on the 
plates of this impactor was smaller than that 
found on the plates of another impactor run 
at the same time for one minute without a 
millipore filter. The collection efficiency of 
the filter is thus greater than 99 percent for 
particles larger than 0.08 u radius. 

b. Particles below this size, i.e. Aitken 
nuclei, can be counted by the Aitken counter. 
Counts taken in the air stream before and 
after the filter indicated that less than 1.0 
percent of the particles passed through the 
filter. With this figure the possible error in 
the gas analysis due to the particles that pass 
the filter can be estimated. For this estimation 
the chloride value will be used because this 
aerosol component predominated by far. If 
1,000 Aitken nuclei per cm? (the number was 
even less in maritime air) with an average 
radius of 0.05 u and consisting of dry NaCl 
are assumed, then the values of Table 1 are 
obtained. The figures show that the amount 
of aerosols that can pass the filter is negligible, 
compared to the amount of gas found in the 
bubble tubes. It must, therefore, be concluded 
that the chloride found in the absorption 
solution is a gaseous chlorine component of 
the air. 

c. A further check was made with respect 
to chlorine. Two parallel runs were made 
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with one bubble tube filled (as usual) with 
25 cm? of o.or normal KOH and the other 
with o.or normal H,SO, solution. If the 
chloride stems from particulate matter, both 
bubble tubes should show the same amount of 
chloride. But the tube with H,SO, showed no 
chloride, as must be expected with a gaseous 
chlorine component. 

This conclusion drawn for the Cl-component 
is even more valid for the other gas compo- 
nents, since the corresponding aerosol con- 
centrations were even less and could in no 
way be the source of the quantity of substance 
trapped in the bubble tubes. A more serious 
problem was the absorption or adsorption of 
gas traces by the filter. Repeated checks under 
field conditions indicated that the filter trapped 
a portion of the gases. This effect decreased 
with continued use of the filter. New filters 
reduced the ammonium and the chloride 
value up to so percent, the sulfur-dioxide 
and the nitrogen-oxide components less. Since 
unnecessary filter changes were avoided, the 
actual values are most likely not more than 
10 or 20 percent higher than the measured ones. 

All the physical errors, loss of spray, in- 
complete gas absorption and filter retention 
cause a reduction in the measured gas con- 
centration. But the measured values were not 
corrected, because the primary interest was in 
demonstrating the presence of these gas traces 
and the fact that their concentrations are of 
importance compared with those of the 
aerosols. 

The analytical procedures for the gas traces 
were the following: 

NH3. Originally, Nessler’s reagent was 
added to the 25 cm? o.oı-normal H,SO, 
absorption solution and the resultant color 
compared in a Leitz-Rouy photometer with 
those of standards prepared under the same 
conditions. The limit of detection was 0.5 y. 
But after a few tests it was noticed that the 


Table 1. Estimation of chloride passed through the filters and comparison with the chlorine 
gas component. 


Observed concentrations of Cl- in the size range of the large and giant particles with radii 


between 0.08 and 8 u. Average of the Hawaii data from Table 2 ...................... 5.05 y/m° 
Maximum possible concentration of Cl~ represented in the Aitken particles with radius <o.1 u 0.3 » 
Lotalipossiblesconcentra onto Clin 42005012 PET NE RE RE 5.35 » 
Concentration of jacrosolsiwhichy cant pass helene 100) RE 0.05 » 


Concentration of the chlorine gas component observed. Average of the Hawaii d ata from Table 2 102007 
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Fig. 


normally clear yellow developed by the 
Nessler reaction was turbid. To eliminate any 
interference of other components, the NH, 
sample was treated with alkali and distilled 
prior to adding Nessler’s reagent. 

SO,. The 25 cm? 0.01-KOH absorption 
solution was treated with fuchsin and formalde- 
hyde. In the presence of SO, a purple color 
formed which was compared in the photom- 
eter with standards. The limit of detection 
was about 0.5 y. For better comparison with 
the aerosols the SO, concentrations are con- 
verted to equivalent SO,~~ concentration 
throughout the paper. 

Cl component. The 25 cm? 0.01-KOH absorp- 
tion solution was treated with AgNO, and 
the turbidity compared in Nessler tubes with 
standards prepared under the same condition. 
The limit of detection was 0.4 y. This analysis 
yields amounts of Cl ions only. Since nothing 
is known about the chemical constitution of 
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the clorine component, the degree of dis- 
sociation remains unknown too. The values 
of the gaseous chloride component presented 
here are, therefore, considered to be minimums. 

Nitrogen oxides. The 25 cm? 0.01 normal 
KOH solution was treated with sulfuric 
acid and a chloroform solution of brucin 
alkaloid. The yellow color produced in the 
presence of nitrate was compared in the 
photometer with standards. The limit of 
detection was 0.5 y. It is assumed that the 
main constituent of the nitrogen oxides is 
NO,, but no attempt was made to identify 
this component more precisely. 


3. Results 


Fig. 2 shows the sites of the sampling 
stations in Hawaii. In the normal northeasterly 
trade winds, an orographic cloud is formed 
below the inversion layer at about 6,000 feet 
on the eastern slopes of the two big volcanoes, 
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Table 2. Average values of the Hawaii coastal analyses. The figures in parentheses are the average 
limits of detection. All values in u/m?. 


NH, + NO; CIS SO 
Large | Giant Large | Giant Large | Giant Large | Giant 
pen ep: | pale Dre Se ee ele | 
Average 
values 
and aver-| 0.026 |< 0.021 | 2.45] 0.026 | 0.064 | 3.90] 0.093 | 4.96 1,92 |<) 0,31 || 0.792 1210 
age limits] (0.021) | (0.021)| (0.3) | (0.022) | (0.022) | (0.3) | (0.038) | (0.038) | (0.3) (0.31)| (0.31) | (0.3) 
of detec- 
tion 
Number of | | | 
values 14 I4 I4 14 I4 14 Io Io 14 Io Io I4 


Mauna Loa and Mauna Kea. These slopes are 
easily accessible by roads and ideal for the 
investigation of the chemical composition 
of aerosols and gas traces at different altitudes 
with respect to the inversion layer, and also 
for a study of the washout effects in and below 
raining clouds. An important part of the 
program was to obtain data at sea level in the 
trade winds under conditions which excluded 
all interference of land in order to compare 
them with our former results at other places, 
and to study the influence of land. 

To cover this program in the time available, 
five groups of measurements were made 
which are discussed briefly below. The author 
is well aware that, especially with the measure- 
ments on the slopes of the mountains, the 
number of observations is too small to draw 
definite conclusions. But the little knowledge 
about the composition of aerosols and gas 
traces will certainly justify their publication. 

a. Measurements at sea level in the trade 
winds, with particular exclusion of any land 
influence (Table 2). 

The initial measurements were made in a 
lighthouse at Pepeekeo; however, the tre- 
mendous production of sea spray in the surf 
on the rocky beach made it impossible to get 
representative samples. After a few days the 
sampling station was moved to a Coast Guard 
station on the eastern shore of the harbor of 
Hilo, which was protected against the surf by 
a breakwater. However, smoke contamination 
from the harbor and the town occurred 
during calm and shifting winds as well as 
during rainy weather. Thus, a third location 
on a nut plantation was selected for the last 
few days. 

With the exception of the Cl-content (sea 


spray) the fluctuations of the various compo- 
nents were relatively small. Therefore, only 
the average values are presented. They were 
obtained by excluding some data, which were 
obviously contaminated by local sources, such 
as heavy sea spray by the surf in Pepeekeo and 
smoke due to winds from the town. The 
number of values is, therefore, different for 
the different components in Table 2. 

For a number of components the observed 
values were close to the limit of detection. For 
this reason, the average values in Table 2 were 
calculated in such a way that this limit of 
detection was used in those cases where nothing 
could be found above it. The average limit of 
detection was also calculated separately in the 
table. If the average value equals this average 
limit of detection, then this limit was not 
surpassed in any of the individual observations. 

Table 2 shows the following results: The 
predominant component of the aerosols is 
Cl, found almost exclusively in the giant 
particles. The concentration of the other 
components is small or below the limit of 
detection. NH, is almost completely concen- 
trated in the large particles and NO, in the 
giant ones. This is in good agreement with 
our findings on the coast of Massachusetts and 
Florida. However, the NH, and NO, con- 
centrations in Hawaii are much lower, in- 
dicating their continental origin. The NH, 
content of the large particles is so small that 
it was impossible to detect the corresponding 
amount of SO, if the NH, were present as 
(NH,).SO,. The SO, concentration which 
would correspond to the NH, value of 0.026 
is 0.070, which is far below the limit of detec- 
tion of 0.31 y/m3. 

The actual SO, content of the giant par- 
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Table 3. Comparison of the coastal values (harbor) and the values some miles down wind inland 
(club), Hawaii. Values in y/m?°. 


Date | LOca u ance Oro |e aes 
ö : eather 
> Large P. er Gas Large P. | Ss, Gas |Gas| Gas 
Oct. 13|Harbor | 0.017 lim. < 0.017| 3.26|< 0.017 0.052+0:01 | 4.72] 1.66] 1.20 | fair, cu, good 
Club | 0.033 lim. << 0.033] 3.91} 0.033 lim. |o.10 -+0.02 | 4.35] 2.66] 2.50 | sea breeze 
Oct. 14|Harbor | <o.020 < 0.020] 2.22}<0.040 0.09 -+0.016 | 4.16] 2.22] 0.88 | fair, cu, good 
Club 0.052+0.017 |< 0.017] 3.88|<0.034 0.12 +0.017 | 4.00] 3.88] 2.90 | sea breeze 
Oct. 15|Harbor |<0.016 < 0.016] 1.66|< 0.016 0.09 +0.016 | 6.20] 1.60] 0.75 | fair,cu,mostly 
Club 0.016 lim. < 0.017| 1.66|< 0.017 0.12 +0.02 | 5.60] 3.88] 1.24 | sea breeze 


<0.017—means smaller than the actual limit of detection. 
0.033 lim.—means value on or about the actual limit of detection. 


Table 4. Comparison of the coastal values (harbor) and the value at 2,000 feet, Hawaii. Values 


in y/m°. 
| NH,+ NO,- 
Date Location — ————— 
Large P. | Giant P. | Gas Large P. | Giant P. | Gas 
Oct. ıg | Harbor <0.017 <.0.017 2.66 0.017 lim. 0.130.017 | 4.40 
2,000 feet 0.034 lim. <0.034 27.10 00.084 0.19+0.035 | 2.30 
Oct. 20 | Harbor 0.49+0.1 0.35 lim. 2.10. |7=0.017 0.28 +0.05 3.88 
2,000 feet <0.068 <0.068 1.90 no ie 2.66 
Oct. 21 | Harbor 0.55 40.14 0.070.035 | 2.23 0.017 lim. 0.45 40.1 4.10 
2,000 feet 0.170.035 | <0.035 2.14 0.070.035 0.28-+0.07 4.20 
Oct. 24 | Harbor 0.02 lim. <0.020 2.04 <0.017 0.017 lim 4.70 
2,000 feet 0.02 lim. <0.020 1.15 <.0.035 <0.035 3.60 
CI SO, 
AL) aan Ll Ls a eae Weather 
Large P. | Giant P. | Gas Large P. | Giant P. | Gas 
0.31 —0.07 12.0+1.7 |2.50 <0.35 1.2 40.27 | 0.60 | Harbor: mostly sea breeze 
0.05 1.7+0.35 | 6.10 <0.35 0.34 lim 0.55 | 2,000 ft: increasing cloudiness, 
rain with the gases 
0.035 3.50.7 |2.50| 0.62+0.1 0.80-+0.17 | 1.00 | Harbor: Few showers, mostly 
land wind, smoke! 
0.035 0.27+0.1 | 2.20 no sample < 0.5 | 2,000 ft: Almost continuous rain, 
cloud base lightly above 
station 
nn tl a ee I le eee 
0.035 2.5+0.35 | 3-40] I.I +O.17 1.0-E0.17 0.8 | Harbor Few showers, sometimes 
% land wind, smoke! 
0.035 0.35+0.2 |4.40| 0.28+0.14 | <o.28 0.8 | 2,000 ft: Almost continuous rain, 
a cloud base above station 
ee ee eee ee EE Ee eee Se 
0.035 5.1 +1.4 |2.50 AO 0.7 +0.17 1.4 | Harbor: mostly sea breeze 
0.035 lim 3.1 +0o.7 5.90 <0.35 0.35 lim 2.0 | 2,000 ft: fair weather 
ticles must be between 0.79 and 0.79—0.31 = agreement with the value of 14 percent for sea 


= 0.48 y/m?, corresponding to 16 percent and water, indicating the maritime origin of the 
10 percent of the Cl value. This is in good sulfate. 
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Table 5. Comparison of the coastal values (harbor and plantation) and the values at 5,000 feet, 
Hawaii. Values in y/m?. 


NH, NO; 
Date Location 
Large P. | Giant P. | Gas Large P. Giant P. | Gas 
Oct. 25 | Harbor <0.017 <0.017 1.44 <0.035 | 0.100.035 | 3.40 
5,000 feet 0.14-50.035 <0.035 1.55 <0.035 0.20+0.035 | 2.95 
Oct. 26 | Harbor 0.14+0.05 0.017 lim 1.30 | <0.035 | 0.20+0.035 | 3.00 
5,000 feet <0.035 <0.035 1.05 <0.035 <0.35 1.27 
Oct. 27 | Plantation | <o.017 <.0.017 IT | <0.017 | 0.05-0.01 3.88 
5,000 feet 0.035 lim <0.035 2.30 <0.035 0.12 0.02 2.10 
Oct. 28 | Plantation | <o.o17 <0.017 1.33 | 0.017 lim | 0.070.017 | 2.77 
5,000 feet <0.017 <0.017 PWG) <0.035 <0.035 1.55 
CI SO, 
: Weather 
Large P | Giant P. |Gas| Large P. | Giant P. | Gas 
0.20+0.05 7.01.0 1.95 OL 1.40.35 0.55| Harbor: Good sea breeze 
0.035 1.0+0.2 3.61 <0.35 0.5+0.2 0.44] 5,000 ft: Fair weather 
0.035 2.8+0.5 2.77| 0.540.14 0.540.14 0.66) Harbor: Showers, mostly sea 
breeze 
0.035 <0.035 1.66 <0.35 <0.35 0.50| 5,000 ft: In clouds, drizzle 
0.035 2.8+0.35 I.0 <0.35 <0.35 < 0.25} Plantation: Good sea breeze 
0.035 0.35+0.14 1.8 <0.35 <0.35 < 0.40| 5,000 ft: Fair weather 
0.035 4.8+0.7 PGP <0.35 <0.35 < 0.50} Plantation: Few showers, mostly 
sea breeze 
0.035 <0.14 2.60 < 0.35 <0.35 < 0.60] 5,000 ft: In clouds, drizzle 


In confirmation of our former results, the 
Cl-content of the large particles was very small 
and the sea spray almost completely confined 
to the giant particles. 


The gas traces were much higher than the 
corresponding aerosol components, with the 
exception of the Cl. This is an interesting re- 
sult, indicating that for the chemistry of the 
air and probably of the rain water too, the 
gaseous components are important in the 
Hawaii area. 


The fluctuations of the gas traces from day 
to day were rather small and no correlation 
with weather phenomena could be detected. 


b. Measurements at sea level on the coast 
and inland (Table 3). 


In order to evaluate the influence of the 
land on the composition of the aerosols and 
gas traces in the trade wind-air, concurrent 
measurements were made during a few days 
in the harbor and at a site marked club (fig. 2) 


which is located on the windward side of 
Hilo in a sparsely populated area. 

Table 3 shows a very slight increase of 
NH, in the large and of NO, in the giant 
particles, again confirming the land origin of 
these components. 

The gas concentration of SO, and Cl 
increased markedly over land, that of NH, 
only slightly, while that of the nitrogen oxides 
stayed constant. This shows that the gases 
were sensitive to a short contact with the land 
and probably with human activity. 

c. Measurements at 2,000 feet and sea level 
(Table 4). 

A few measurements at 2,000 fect, parallel 
with such in Hilo were made to find out how 
the various components were influenced by 
falling rain. Unfortunately, the samples in 
Hilo Harbor on the 20th and 21st of October 
were contaminated by local sources. 

Table 4 shows that the aerosols suffered a 
definite decrease of the Cl and SO, content 
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of the giant particles, which may be a little 
more pronounced on rainy days. The other 
aerosol components show no important 
changes. 


The gas measurements showed an increase 
of Cl, especially during fair weather, while 
the other gaseous components do not differ 
very much with respect to the limits of 
accuracy. 


d. Measurement at 5,000 feet and sea level 
(Table 5). 

A few measurements at 5,000 feet, in the 
orographic clouds, were made to learn how 
condensation processes affect aerosols and 
gas traces. The prison camp Kulani is ideally 
located in the broad fern-tree woods which 
cover the entire slope of Mauna Loa. Under 
normal trade-wind circulation the air is not 
contaminated by any populated areas. 

The results are quite interesting. The weather 
conditions were very favorable, two days 
fair with a few scattered clouds over land and 
sea, and two days with pronounced oro- 
graphic rainfall with a maximum below 
5,000 feet and Kulani in clouds with constant 
drizzle. 


Table 5 shows that on the rainy days all 
components of the aerosols were below the 
limit of detection, and there was not the 
slightest visible precipitation on the impactor 
slides. The condensation process had removed 
almost completely all condensation nuclei. 
This was also confirmed by some measure- 
ments with an Aitken nucleus counter. 

For fair weather a slight increase of NH, 
with the large particles and of NO, with the 
giant particles can be noticed, similar to 
Table 3. 

From the gas measurements, NH, shows, in 
general, a slight increase (decomposition from 
the fern-woods?), nitrogen oxides a decrease, 
while SO, was on or below the limit of de- 
tection. 

Cl again shows clearly an increase during 
fair weather, but only a slight increase or 


even decrease during rain. This might indicate 


a wash out effect by cloud formation and 
rainfall, and may have a bearing on the sodium 
to chloride ratio of the rain water analyses. But 
compared to the Cl in the aerosols, the gaseous 
component is only affected to a small degree 
by clouds and rain. 
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e. Measurements above the inversion layer 
at 9,500 feet (Table 6). 

These measurements are of particular in- 
terest with respect to the origin of the differ- 
ent components. Halepohaku, a rest house of 
the Forestry Department, is located on the 
upper slopes of Mauna Kea at 9,500 feet. To 
avoid contamination from lower levels due 
to warm air rising up the slopes during the 
day, measurements were made during the 
night when cooled air drifted down the slopes. 
These measurements are considered to be a 
representative sample of the air of that altitude. 
They were carried out over a period of five 
nights. 

Some preliminary tests indicated that the 
concentration of aerosols present in the air at 
Halepohaku was very small. In order to get 
a sample large enough to be analyzed, it was 
decided to accumulate the material on the 
plates by sampling for a total of twenty-seven 
hours during four consecutive nights. Un- 
fortunately, only two samples were obtained 
due to technical difficulties. We decided that 
analysis for Cl- and NH,* would be most 
fruitful. The results are: 


NH,* GP 


Large Part. 0.003 + 0.0008 << 0.00062 y/m? 
Giant Part. 0.00085 limit << 0.00062 y/m? 


In any case, NH, predominates, if Cl is 
present at all. This indicates that the particles 
at this altitude are not of maritime origin. 
Probably they consist entirely of (NH4) SOx. 
It should be stressed that this analysis is con- 
sidered to be of special importance since it is 
an average value over four nights obtained 
well above the inversion layer under very 
favorable and unique conditions in the cen- 
ter of the Pacific. 

Table 6 lists the amounts of the gas traces 
found. Samples No. 1, 3, 6, and 8, obtained 
during the day, show higher values of NH, 
and NO,- components than do the night 
samples. This is the expected influence of the 
chimney-effect of the heated slopes, trans- 
porting air from lower levels up the mountain 
side. The average night values are given at the 
end of the table. For better comparison with 
the average values at sea level which are 
repeated from Table 3, they were reduced to 
pressure at sea level. The table indicates that 
the concentrations above the inversion layer 
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Table 6. Analyses of the gas components at 9,500 feet, Mauna Kea, Hawaii. Values in y/m?. 
Date NH,t NO Cle SO = 
Nov. 2 
12.00— 13.00 2.70 + 0.26 = = — 
No. ı 
Nov. 3 
21.00— 23.00 0.63 + 0.II 1.74 0.26 0.57 == 0.23 0.39 
No. 2 
Nov. 4 
8.30—9.30 1.26 + 0.19 4.10 + 0.48 0.67+ 0.19 0.79 
No. 3 
Nov. 4 
21.00—23.00 0.66 + 0.09 2.50 + 0.41 0.72 + 0.26 0.62 lim. 
No. 4 
Nov. 5 
21.00—23.00 0.68 + 0.09 1.72 + 0.26 0.96 + 0.26 0.35 lim 
No. 5 
Nov. 6 
14.15—10.15 1.60 + 0.10 3.80 + 0.26 0.72 + 0.26 0.35 lim 
No. 6 
Nov. 6 
21.00—23.00 1.16 + 0.10 2.20 + 0.26 0.87 + 0.26 0.35 lim 
No. 7 
Nov. 7 
7.10—8.10 1.70 + 0.19 — — — 
No. 8 
Average of | 
Nos 417 0.79 + 0.10 2.04 + 0.3 0.78 + 0.25 0.42 lim 
Average correct. for | 
sea level pressure 1.08 + 0.14 2.8 + 0.41 1.06 + 0.33 0.57 lim 
Average of Table 3 | 
at sea level 2.45 3.90 1.92 1.10 
RS BEER EEE. >>) 7 FEN fo, Ho BE 


were roughly half the surface values. The 
remarkable result is that even above the inver- 
sion layer the gaseous components were 
present, and their concentrations more than 
one order of magnitude higher than that of 
the aerosols. 

f. The Cl content of the large particles. 

Because of the higher amount of the sea- 
spray component in the surface values at 
Hawaii, a little more information can be 
obtained on the Cl content of the large par- 
ticles in pure maritime air. This information 
is important with respect to the size distribu- 
tion of the sea spray nuclei, because the direct 
information about this size distribution as 
primarily obtained in the well known in- 
vestigations of Woodcock does not extend 
below 1 u radius (see also Junge 1956). 


The high sea-spray concentrations at Pe- 
peckeo were especially favorable for this com- 
putation because the Cl-content of the large 
particles was well above the limit of detection 
for these samples. Together with other values, 
where the Cl- amount of the large particles 
was also above the limit of detection, they are 
listed in the upper part of Table 7. 

The average Cl- concentration of the large 
particles is 2.23 percent of that of the giant 
particles and the individual values do not 
scatter too widely, indicating that this mass 
ratio seems to be always of the same order of 
magnitude, at least under trade-wind condi- 
tions. The value of 2.23 percent is, however, 
a kind of maximum value because of the man- 
ner in which the values were selected. There- 
fore, in the lower part of the table the rest of 
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Table 7. Cl- content of the large and giant par- 
ticles and the percentage fraction of the former. 


Percentage 
Large P.| Giant P. fraction of Don 
y/m3 y/ms the Large P. co 
% 
0.7 165 0.42 Pepeekeo 
MAT 90 1.22 à 
0.25 9.4 2.65 + 
1.40 70 2.00 4 
0.14 2.8 5.00 = 
0.035 3.0 1.16 Hilo Harbor 
0.31 12.0 2.60 7 4 
0.20 7.0 2.86 
Average 2.23 % 
0.07 5.5 30 
0.035 3.5 < 1.00 ï 
0.034 3 = 23,180) "3 
0.035 3.5 < 1.00 cs ; 
0.035 2.5 <= 1.40 is 
0.035 8.3 0/42 : à 
0.035 5.1 < 0.69 x 
0.035 2.8 < 1.25 = 
0.035 2.8 ZE = 
0.035 4.8 < 0.73 4 À 


Average <1.01% 
Total Average <1.56% 
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the Hawaiian Cl- measurements are listed in 
which the Cl- content did not reach the limit 
of detection. According to these data, the 
Cl- amount of the large particles is < 1.01 
percent of the giant particles. The average based 
on the total data amounts to < 1.56 percent. 

This is an important result. It indicates that 
the mass of the particles with radii < 0.8 w is 
only about 1 percent of the total mass of sea 
spray produced under normal trade wind 
conditions. It is, however, believed that this 
value holds true also for other oceanic areas. 
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Some Observations of Sea-Salt Nuclei in Hawaii 


during Project Shower 


By P. SQUIRES and S. TWOMEY, Division of Radiophysics, C.S.LR.O., Sydney, Australia 


(Manuscript received Dec. 15, 1956) 


I. Introduction 


One of the aims of Project Shower was to 
determine the salt content of trade-wind air 
as it crossed the coast of Hawaii and again as 
it passed through the Saddle beyond the wind- 
ward and dissipating edge of the orographic 
cloud layer, in the hope that it might be 
possible to strike a “salt budget” in con- 
Junction with the measurements of rainfall 
amounts and salinities carried out by other 
observers. Sea-salt nucleus distributions over 
the sea were regularly measured by Woop- 
COCK (communicated), but regular measure- 
ments in the Saddle area were not possible. 
Consequently, slides were exposed on some 
days from the R.A.A.F. Dakota which made 
descents in the clear air lane across the Saddle 
in order to take soundings of temperature 
and humidity. Unfortunately the latter commit- 
ments did not always leave time for exposing 
slides for sampling the salt nuclei, so that 
the measurements made were not as com- 
prehensive as could be desired. 


2. Procedure 


For operational reasons, slides of one size 
only (1 mm in thickness) were exposed. In 
order to obtain accurately the size distribution 
curve, it is necessary to expose several slides of 
various sizes, but this procedure requires quite 
a considerable sampling period. However, it 
has been found (Twomey, 1955) that although 
the number of sea-salt nuclei may vary by 
several powers of ten from place to place or 
in different meteorological situations, the shape 
of the distribution curves does not vary greatly. 


Usually, therefore, a single parameter can 
describe the distribution with fair accuracy. 
For example, the number of nuclei greater 
than a certain size may be given. 


Mass (Aug) 


Fig. 1.7 Observational. results showing the cumulative 


Slides were exposed manually for times 


ranging from 30 seconds to 975 seconds. Later, 
the slides were examined under the micro- 
scope in a current of humid air, in which the 
salt particles grew into droplets. By following 
the usual procedure for the “isopiestic” 
method described by Woopcock and Gir 
FORD (1949), the salt nucleus distribution 
was calculated from a count of droplet sizes. 


3. Results 


The results have been set out in Table ı 


and Figure 1. 


- over saddle 


—— over sea, below inversioni 
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SEA-SALT NUCLEI IN HAWAII $39 
Table 1. 
Slide Date Time Place Height dr ee a. 
No (1954) (hours) Exposed (ft) ge ee eee EEE 
T BMS 10 MUS | IOOUUE 
I Nov. 25 1535 Over Saddle 7,200 | 450 — — 
(below inversion) 
2 Nov. 25 1540 Over Saddle 8,900 <80 — —— 
(above inversion) 
3 Nov. 25 1600 Over Sea 8,000 to 7,000 16,000 5,000 1,200 
(above inversion) 
4 Nov. 25 1610 Over Sea 4,500 to 5,000 6,500 2,400 550 
(above inversion) 
5 Nov. 25 1615 Over Sea 1,200 to 1,500 450,000 | 100,000 17,000 
6 Nov. 26 1540 Over Sea 3,000 500,000 | 145,000 30,000 
(100 ft below cloud 
base) 
7 Nov. 26 1630 Over Sea 8,000 to 9,000 7,000 1,600 — 
(above inversion) 
8 Nov. 30 1540 Over Saddle 7,900 13,000 2,500 90 
(below inversion) 
9 Dec. 3 1440 Over Saddle 7,500 10,000 2,200 200 


(below inversion) 


4. Discussion 


It will be seen from Table 1 and Figure 1 
that on November 25 the salt nucleus content 
of the air passing through the Saddle was con- 
siderably less than that over the sea at the same 
level, and very much less than that at the lower 
levels nearer the sea surface, from which the 
Saddle air presumably came. Similar con- 
clusions can be drawn for November 30 and 
December 3. Samples were not taken over the 
sea on those days but the salt nucleus distribu- 
tion over the sea is known to be given with 
good accuracy by the wind strength alone 
(Woopcocx, 1953); Woodcock’s measure- 
ments of salt nuclei (Project Shower interim 
report) show that the distribution there was 
normal on those days. For comparison, the 
number of nuclei greater than 1 mug, 10 uug 
and 100 pug, deduced from Woodcock’s 
results, are set out in Table 2. 


Comparison of the data of Table 2 with 
Table 1 or Figure 1 shows that a large reduc- 
tion in salt content again occurred while the 
air moved from over the sea to the Saddle area. 

The data suggest that the accumulated 
number of nuclei fell off with increasing 
nucleus size more rapidly over the Saddle than 
was the case over the sea. This could be inter- 
preted to mean that orographic cloud and 
rain, as might be expected, removes the large 
nuclei more effectively than the small (of 
order 1 uug) nuclei. 

Another feature worthy of comment con- 
cerned the variation with height of the number 
of salt nuclei. The nucleus count did not fall 
off with height nearly as rapidly as would be 
expected from similar observations near the 
coast of south-eastern Australia; also, quite 
appreciable numbers of nuclei were found 
above the trade-wind inversion over the sea, 


Table 2. 
ee ee el en Hr — nn " 


Salt nuclei greater than 


Date Time a 
I uug 10 uug 100 uug 
EE u  __ —_ — = 
November 30 1423 2,000 I,100,000 350,000 30,000 
1442 5,000 500,000 110,000 9,000 
1505 8,000 27,000 3,000 — 
December 3 1334 2,500 500,000 180,000 22,000 
1345 4,000 220,000 45,000 2,800 
1402 7,000 33,000 7,000 
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whereas above post-frontal inversions in 
Australia, the salt nucleus count was always 
very low (usually less than 10 particles bigger 
than 10-19 per m3). Reference to Wood- 
cock’s Project Shower data confirms these 
observations. It might therefore be concluded 
that, in the Trade Wind zone, vertical mixing 
both up to and through the inversion is often 
stronger than in the cold air mass following a 
cold front in middle latitudes. RIEHL et al. 
(1951) have emphasised the importance of the 
cumulus cells of the Trades in promoting 
mixing of the subcloud layer, and ascribe the 
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down-stream rise in the inversion level to the 
vertical transport of heat and moisture by 
cumuli which penetrate the inversion. 


5. Conclusions 


These results, although too few in number 
to give certainty, suggest that the flux of salt 
through the Saddle is small compared with 
that crossing the coast, which implies that the 
major portion of the salt content of the Trade 
air is rained out as the air moves up the 
volcano slopes. 
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Raindrop Measurements during Project Shower 


By D. C. BLANCHARD and A. T. SPENCER 


Woods Hole Oceanographic Institution, Woods Hole, Massachusetts 


Abstract 


Raindrop size distributions have been obtained on the island of Hawaii with filter papers and 
with a device called a drop recorder. The drop recorder automatically exposes a section of 
dyed paper tape to the rain at approximately two-minute intervals. The maximum sized drop 
found on each of the more than 4,000 samples has been plotted as a function of time. It is shown 
that a fair correlation exists between the maximum sized drop and rain intensity. 

Over 300,000 drops m-*< 0.2 mm diameter have been found in very light rains at altitudes 
of 5,500 feet on the volcanos of Mauna Kea and Mauna Loa. 


I. Introduction 


This paper will consist mainly of a presenta- 
tion of the raindrop measurements made 
during Project Shower. There will be little 
emphasis on what the data might mean in 
terms of basic cloud physics processes or rela- 
tionships between such important parameters 
as liquid water content, intensity of rainfall, 
and the median volume diameter. There are 
two reasons for this. First, a detailed study 
has already been made of the raindrop distribu- 
tions (BLANCHARD, 1953) and what they might 
mean in terms of precipitation growth (Woop- 
COCK & BLANCHARD, 1955) in the very region 
covered by Project Shower. An analysis of 
the present data indicates no significant changes 
in the raindrop distributions and thus any 
further discussion along those lines is unneces- 
sary. Secondly, it is felt that the data in the 
present form would be of great interest to 
others who may wish to make their own 
study of the Project Shower papers. 


2. Methods of raindrop sampling 


Two methods of obtaining raindrop size 
distribution were used throughout Project 
Shower. The first, the filter paper method, 
had been used successfully in earlier field trips 
to Hawaii (BLANCHARD, 1953). The second 
Tellus IX (1957), 4 
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method, used for the first time in the present 
experiments, warrants some discussion in re- 
gard to its limitations. 

This method utilizes an automatic portable 
device, called a drop recorder, that was design- 
ed to run off a 12 volt automobile battery. 
The sequence of operation of the drop recorder 
is as follows: At approximately two-minute 
intervals a sliding trap door at the top opens 
for a 2.7 second period. The raindrops that 
fall through the 33.2 cm? opening impinge on 
a methylene blue dye treated paper tape. A 
fine mesh wire screen around the opening 
prevents splash from the drops that strike in 
the immediate vicinity. During the two- 
minute interval between exposures a resistance 
wire heater dries the paper tape and the tape 
is advanced to a new exposure position. In 
this manner a drop recorder was run con- 
tinuously for 15 hours collecting some 450 rain 
drop distribution samples. At the end of this 
time the battery voltage was still sufficient to 
give essentially the same operating charac- 
teristics as at the start. As a precaution, time 
marks were placed on the tape at various 
times during the daily runs. These times were 
later plotted versus length of tape exposed. 
The time of any particular sample was obtained 
from this calibration curve. 

One would naturally have some doubt 
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Table 1. Filter papers, Hawaïi 1954. At Club 299 
An LR RE eae D RE u er ne ln Ge Mad yes nn Fe nn me —— nn 


© Mass of 
2 Time - | Rainfall | Liquid Number 
À. Date (Hawaïian | Position | intensity water 
£ Standard) mm hr-! mg/m? 

a of air O.I | 0.3 | 0.5 | 0.7 
ee a ee ER En ee 
I Oct. 25 0002 Club 299 19.4 1005 — 680 380 55 
2 » 0004 » 23.2 1005 — 440 135 14 
à » 0008 » 26 1260 — 1,000 305 83 
4 » 0010 » 6.35 410 680 620 225 200 
5 » 0015 » 13.3 742 — 830 640 180 
6 » 0017 » 16.5 774 650 890 590 155 
7 » 0022 » 78 3550 132,000 | 31,000 890 420 
8 » 0026 » 31.5 1490 10,300 4,000 870 215 
9 » 0028 » 41.3 1950 == 3,650 399 50) 
10 Oct. 56 1049 2800’ 0.95 157 3,950 5,500 760 110 
II ) 1127.5 » 0.79 104 — 840 1080 105 
12 » 1356 » 1.82 257 — 3,900 2400 220 
13 » 1402. » 1.8 215 -- 2,850 1500 215 
14 » 1436 » 2.01 255 400 2,120 2400 315 
15 » 1442.5 » 4.07 425 730 2,900 690 250 
16 » 1525 » 4.96 427 — 610 1700 750 
17 » 1536 » 1.47 190 — 3,400 1920 78 

18 » 1551 » 0.42 99 5,700 6,000 98 

19 » 1629 » 0.68 129 6,000 5,200 700 

20 Nov. 2 1548 » 0.45 106 7,600 6,400 88 

21 > 1603 » 0.98 210 — 12,400 470 

22 » 1609 » 222 292 — 3,700 2850 260 
23 » 1611.5 » 1.62 228 — 3,000 2580 78 
24 » 1650 » O7 | 176 22,500 | 10,600 41 

25 » 1659 » 0.43 I19 24.000 6,400 

26 » 1708 » 0.55 95 1,700 2,700 800 

27 » 1773 » 0.84 141 2,450 4,400 1080 10.5 
28 » 1729 » 0.62 Taga 13,000 2,500 870 11.5 
29 Nov. 6 1915 Club 299 16.3 1000 840 385 680 395 
30 » 1020 » 14.7 916 1,850 600 385 104 
31 Nov. 7 1156 2800’ 8.6 550 1,850 530 — 170 
32 » I210 » 0.29 59 3,000 2,400 270 17 
33 » 1207 » 4.8 386 970 970 430 620 
34 » 1323 » 9.1 553 580 285 320 82 
35 » 1332 » 13.6 920 770 114 128 200 
36 » 1334 » 14.1 845 650 800 85 15 
37 » 1356 » 1018 153 395 5,000 490 112 
38 » I415 » 1.15 160 720 2,150 1700 50 
39 Nov. 27 1128 = 29 1270 = 1,600 450 47 
40 Nov. 29 0810 S m7 OI 105 IIo 36 II 
41 » 0833 fs 0.94 55 152 39 43 13.5 
42 » 0857 5 4.17 188 — 148 14 7 
43 » 1550 4000’ 0.28 51 3,100 1.950 290 

44 Nov. 30 1746 2000’ 7 520 - 850 950 530 
45 » 1750 » 3-2 PAT 3% 79 410 305 
46 » 1753 » 8.9 562 430 305 660 260 
47 » 1756 » 0.76 100 — 1.240 890 72 
48 » 1758 » 1.68 150 — 190 300 360 
49 » 1803 » 1.23 120 265 910 440 215 
50 Dec 1658 2800’ 0.89 131 1,450 2,200 1380 34 
51 » 1704.5 » 34.6 1660 — 1,260 355 79 
52 » 2713 » 14.9 893 610 1,150 490 34 
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and at various heights on the Saddle Road. 
D er ee re 


of drops m? within 0.2 mm size interval centered about indicated size (mm). 


230 70 87 12 16.5| Io Oy || a 13 — | — 4.1 | 4 
154 75 82 14.6] 13.7| — 36 46 144 20.6| 20.1] 9.8 | — 94 | 9.3 
61 62 63 16.3| 23 104 80 51 om 


72 8.8 
22.5 
11.5 
183 51 45 8.3 
12 
315 251 255 126 29 


290 480 7, 130 16.7 


400 Ioo 6 
250 132 136 88 8.2 
740 560 117 40 

86 | 520 | 255 73 7-5 

70 

15.6 

110 62 64 82 83 49 40 25.5 6.1 5.9| — 5.4 
20.5 22.5 6.5 9.7 3.5 3.3 1.5 1.5 

22.5 8 22 Zn 5.7 i 

16.5 6.1 783 3.4 4-7 8.9 4.3 2.7 EE) Ue? 
360 130 65 29 

125 136 19 
245 225 9-1| 41 45 7 

130 18.5 

22 44 


125 66 175 83 127 133 60 16 
Com 2950] 23077} 150 34 
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whether a sample obtained with an exposure 
area of only about 33 cm? would be represen- 
tative. Now this area would be quite insuffi- 
cient if exposures were made in thunderstorm 
or frontal type rains. In these rains the average 
maximum drop size of about 5 mm diameter 
would leave a 32 mm diameter spot on the 
tape. It is apparent that only 2 drops of this 
size could be collected without the occurrence 
of overlapping and splashing. However, in the 
typical Hawaiian orographic rains, the rain- 


ER | 1 
10 


R (mm hr!) FOR FILTER PAPERS 


er re 1 LIEZEN 
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00 


Fig. 1. A comparison of rain intensities as computed from 

drop recorder records and simultaneously exposed filter 

papers. The filter paper was held within two feet of the 
drop recorder. 


drop size seldom exceeds 2 mm (a spot 
diameter of only 9 mm) and so a representative 
distribution of 60—200 drops can usually be 
obtained. With such a distribution the calcula- 
tion of the rain intensity R is considered to be 
reasonably accurate. Several filter papers (each 
having an area over 7 times that of an exposure 
of the drop recorder) were simultaneously 
exposed alongside a drop recorder. The com- 
parison of the calculated rain intensities is 
shown in fig. 1. In the earlier Hawaiian ex- 
periments (BLANCHARD, 1953) a good correla- 
tion was found between the rain intensity cal- 
culated from filter papers and that simul- 
taneously measured with a 0.5 m? stainless 
steel funnel. 
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3. Filter paper samples 


A very limited number of filter paper 
measurements of raindrop distribution were 
obtained. The filter paper technique was to be 
extensively used only on mechanical break- 
down or other failure of the drop recorders. 
The data from the samples that were obtained 
are tabulated in table 1. All samples were 
obtained along the Saddle Road and thus the 
exact location may be found by noting from 
the table the elevation of the sampling position 
and then referring to the Location Map else- 
where in this volume to see where the road 
crosses this elevation contour. 

It is perhaps pertinent to discuss briefly the 
samples and factors that may modify these 
rain distributions. Samples 1—9, obtained at 
Club 299, the base of operation of Project 
Shower, were made in heavy rain that covered 
the entire Hilo area. At the time of sampling 
the rain did not extend up into the saddle 
region between the volcanos. Indeed, the sky 
was relatively clear in that region and a down- 
slope breeze existed. The maximum drop size, 
nearly 4 mm, is far larger than that usually 
found in the orographic rains that fall on the 
volcano slopes. The great numbers of drops 


in samples 7—8 in the 0.1 mm size range may 


be due, in part, to splash from large drops 
striking the flat roof of a building near the 
sampling region. The sampling point was 
about 20 feet horizontally and 8 feet vertically 
from the edge of the roof. With proper wind 
drift it is conceivable that some of the small 
drops counted on the filter paper originated 
on this roof. 

Samples 39—43 were obtained in a Kona 
storm (SIMPSON, 1952) and thus are not 
representative of trade wind orographic 
rainfall. 


4. Drop recorder measurements 


Over 4,000 raindrop samples were obtained 
with three drop recorders which, on several 
occasions, ran simultaneously at various posi- 
tions along the Saddle Road. As all these 
samples have not been evaluated, it was decided 
to present the maximum drop size found in 
each sample. It is felt that this would at least 
give an idea of how the raindrop distribution 
varied and would be a guide to those who wish 
to consider the maximum raindrop growth 
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Table 2. Drop Recorder Samples, Saddle Road, Hawaii, 2 December, 1954. 
ne ne oo RAS PO A ee ee ee eee EE TEEN Ets 2 = 


Time 


Mass of 


(Hawa- | Height | Rainfall | Liquid 
Above |Intensity| Water 
M.S. L.| mm hr-1| mg/m’ 


jian 
Stan- 
dard) 


0916.3 
0918.3 
0920.3 
0922.4 
0924.4 
0926.4 
0928.7 
0930.8 
0948.3 
0959.7 
0952.7 
0954.8 
0956.7 
0958.9 
1001.2 
1003 

1005.2 
1007.3 
1009.5 
1011.6 
1013.8 
1519 

1521 

1522.8 
1525 

1526.8 
1537 

1539.6 
1633 

1635 

1637 

1639 

1641.3 
1643.5 
1645.3 
1647.5 
1649.4 
1651.4 
1653.4 
1656 

1658 

1700 

1701.9 
1704 

1706 

1708.4 
1710.4 
1712.4 
1714.5 
1716.4 
1718.6 
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Number of drops per m® within 0.2 mm size interval centered 
about indicated size 


of air O.I 03 | 0:58 | 0.7] 20:0) rer) anos} res | 70 || a 

4120’ 33 370 830 | 1,800 | 2900 | 470] 123] 26 

» 3.3 320 830] 765] 1330 | 590] 245) 26 

» 2.67 361 830 | 1,530 | 4800 | 117 

» 272 332 11,300 | 7,400 | 2450 | 275 

» 92 805 14,000 | 3,700 | 1470 |1220| 430] 365 

» 6.65 580 3,050| 770| 440 |2050| 154| 77| 46 

» 5.05 524 4,700 | 2,000 | 2650 |1050| 278] 26 

» 8.05 668 8,300 | 2,380] 440 | 980| 650| 205| 22.5 
2800’ 0.4 65 2,250|1,800| 438 38 | 

» 0.32 50 730| 850| 550 

» 0.13 36 7,500 | 1,900 

» 5:3 358 x 570| 275 | 195| 154| 155/114 

» 15.9 910 * — 55 38| 123] 3351320 | 122| 18.6 

» 16 946 2 — 109 | 155| 92] 417/298 | 143 

» 5.83 357 “ = 109 | 195| 61| 232| 45 20| 18.5 

» 19.1 1170 = 196 | 165 | 310| 154| 440|550 61 

» 4-45 348 | 13,500] 1,150] 165 | 78) 340] 233 

» TAT 925 95| 495 | 195] 215} 490/320 41 

» 9.45 636 x 193| 440 | 235| 245] 519| 68 | 20 

» 440 ÿ 1,240] 550 | 508| 430] 155| 46 

» 5.93 406 = = 275 | 235] 215] 234] 91 

» 0.92 115 830|1,600| 770 | 155| 30 

» 0.38 56 1,390 | 1,240 | 440 39 

» 0.96 130 280 | 1,430 | 1310 | 115 

» 0.53 83 280|1,620| 880 

» 0.19 34 — |1,330| 220 

» 1.57 175 2,800| 480| 880 | 580 

» 0.14 26.2| 2,500| 850 165 

» 327 408 13,800 | 7,200 | 1700 | 275| 150| 100 

» 6.95 512 8,000 | 2,950 165 | 117| 400} 210|115- 

» 2 547 13,200 | 4,000 | 2200 | 940] 310] 52 

» 19.9 1170 2 = 930 | 660} 370} 550/290 81 

» 8.3 605 # if 1200 | 470] 340] 205/115 20 

» 25.2 1310 * = 160 78| 31) 771275 | 370| 75 | — | 16.6 

» 7.9 490 9.700 | 2,400|[ — 39] 31| 490|115 

» 3.4 286 4,700), 000) 0217102 TOI 70177 

» 37 331 22,500 | 3,850| 220 | 235| 155| 155| 22.6 

» 21.5 1192 — == 220 | 195| 250] 260/250 | 200] 94 

» 3.56 376 4,700| 960! 1150 |1400| 61 

» 4.8 441 4,200 | 1,040 | 990 | 940| 340| 77 

» 732 184 830 | 2,360 | 1800 | 155 

» 1.55 205 1,400 960 | 2300 | 195 

» 2.15 235 18,000 | 2,550| 930 | 235| 122| — | 23 

» 33.9 1712 = # — 156| 92| 180|300 | 223|138 71| 16.5 

» 19.6 952 2 a — = 31] 51] 23 | 163/190 35 

» 12,9 679 z re 54 | 195| 61| 1301138 | 122) 37 | — | 16.5 

» 28.6 1333 5 x wd 78) 31) 51| 46 | 163/196 | 106] 16.5 

» 1252 806 1 zs — 218] 272| 310/387 | 252| 41 

» 7 532 14,800 | 3,600} 330 | 430] 340| 102|113 20 

» 4.9 412 I1,300| 2,550] 550 | 630] 92] 180} 46 

» 4.85 475 8.700 | 3,900 | 1000 | 870] 340| 77 


* Splashing of large drops prevented accurate determination of raindrop concentration. 
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from the cloud drop spectra and liquid water 
contents presented elsewhere in this volume. 

In addition to the above, one may use the 
maximum drop size to get a rough approxima- 
tion to the rain intensity R. It is apparent that 
for a given maximum drop size R may vary 
considerably especially in transient conditions. 
Nevertheless the correlation is considerably 
better than that found in non-orographic rains. 
Fig. 2 shows this correlation for some samples 
obtained on 2 December at the 2,800 ft. station. 
Inasmuch as samples obtained on other days 
showed essentially the same correlation, it 
seems reasonable to assume that this may be 
regarded as typical of Hawaiian orographic 
rains. 

Although extensive runs were made with. 
the drop recorders on a total of 7 days, only 
4 days have sufficient interest to be reported 
here. Figs. 3a—3e illustrate the variation of the 
largest drops as a function of time. These block 
type diagrams do not directly indicate the time 
of observation, but this is easily determined by 
remembering that a sample was obtained ap- 
proximately every 2 minutes and that the 
vertical lines in the diagram occur at a time 
midway between adjacent samples. 

It will be noticed that isolated points are 
often found where breaks occur in the block 
diagrams. Each point represents a sample which 
contained less than a total of ten drops. Thus, 


Table 3. Drop Recorder Samples, Hawaii 1954. 


o Mass of | Number of drops m-* within 20 
2 Time Rainfall liquid micron size intervalcentered about 
= Date (Hawaiian | Position Rate water indicated size (microns). 
g Standard) mm hr-+ | mg/m? of 
& air 30 50 70 
I 10/26/54 1707 5500 0.129 99 38,800 77,000 34,000 
2 » 1709 » 0.374 197 101,360 120,000 78,000 
3 » 1711 » 0.171 118 91,650 95,000 76,000 
4 » 1713 » 0.361 177 71,640 60,000 62,000 
5 » 1715 » Onl 77 118 52,220 56,000 34,000 
à 5 Number of drops m~* within 30 micron size interval centered about indicated size (microns) 
EZ 
8 90 110 130 150 170 190 210 230 250 270 290 310 330 
À | | | 
I |33,000| 27,500} 25,200] 9,400 | 2,550 985 365 
2 | 44,000} 26,000 | 21,500 | 16,000 | 8,100 | 4,400 | 2,300] 1,850| 1,940| 380 195 100 235 
3 |40,000| 27,500 | 16,500 | 8,800 | 3,250 | 1,600 870 880 A Si 20277 
4 | 37,000) 22,500 | 17,000 | 13,000 | 8,000] 5,500 | 2,740] 1,620] 1,570] 400 320 350 
5 | 39,000] 30,000 | 19,500 | 11,500 | 6,400 | 2,350 875 145 230 
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Fig. 3 a—3 e. The maximum drop diameter (+ 0.1 mm) found on the drop recorder records plotted against time. 
See text for further information on the interpretation of this diagram. 
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for example, at 2347 on 1 December at the 
2,800 ft. station we find the last samples of a 
shower in which 10 or more drops were 
observed on a single exposure. The following 2 
exposures, at about 2349 and 2351, showed 
less than 10 drops each. No rain was noticed 
on subsequent samples until ooor when less 
than 10 drops were observed. 

Near the beginning and end of the records 
of figs. 3a—3e (with the exception of the 
beginning of fig. 3c) a small arrow directed 
downward will be seen. This arrow points to 
the time at which the drop recorder was 
started or stopped as the case may be. In fig. 


3c, the record of 1—2 December, all three 
recorders were set in operation at about 1800 
on I December although no rain fell until 

about 2300. | 
The rains that fall at high levels on the 
volcano are often composed of many small 
drops that appear to be the winnowed remains 
of showers that began at lower levels. Such a 
case was found on 26 October when one of 
the drop recorders was in operation at the 
5,500 ft. level. Examination of the samples 
revealed that a majority of the spots were less 
than 200 microns diameter which, from the 
calibration curve, indicated raindrops less than 
Tellus IX (1957), 4 
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- 140 microns. À low power microscope was 
used for the size determination of the spots 
and from the subsequent count the data of 
table 3 were obtained. Here the number of 
drops per cubic meter are given for: a 20 
micron band width starting with the range 
20—40 microns. Although the blue dye had 
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been smoothly and fairly uniformly “buffed” 
into the recording paper it was sufficiently 
non-uniform to give, under the microscope, 
a “pebbly” appearance to the paper. This 
made it very difficult to get any accurate count 
of drops below 20 microns. It is believed that 
few were present. The number per cubic 
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meter was less than the maximum value which 
was found at about so microns (see table 3). 
The results for five consecutive samples are 
given in table 3. These data were derived from 
the approximately 500 drops that were counted 
on each sample. 

At the time of writing, these are the only 
high level samples that have been evaluated. 
Measurements made in prior years at this 


same location (BLANCHARD 1953) indicate 


that it is not uncommon to find more 
than 100,000 drops m=?< 0.2 mm diameter. 
It was pointed out at that time that these 
counts were obtained with filter papers that 
tend to underestimate the actual count of 
drops < 0.2 mm. If the present drop recorders 
had been available it is likely that counts 
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> 300,000 m-3 would have been obtained. 
Thus, it is the opinion of the writers that the 
distributions reported here are representative 
of the light rain that commonly falls at this 
altitude. 

The complete evaluation of a number of 
the drop recorder samples has been made. 
Table 2 lists the drop distributions for 51 of 
the samples that were obtained on 2 December. 
Note the great number of drops m”? < 0.2 mm 
diameter and the absence of any drops > about 
2 mm diameter. 


5. Discussion 


The drop recorder records indicate that the 
drop distributions are fluctuating and highly 
variable. A glance at fig. 32—3 € and table 2 
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shows that showers of one-half to one hours 
duration closely follow one another and appear 
to be superimposed on a background of light, 
nearly continuous rain. Some of the fluctua- 
tions in the rain are extremely light and 
probably would not be picked up by a standard 
recording rain gauge. 

A characteristic common to many of the 
showers, and one that may be useful in the 
study of the mechanism of raindrop formation, 
is the rate of decrease of maximum drop size 
at the end of a shower. Examples of this may 
be found on fig. 3 c at the 2,000’ station at 0720 
and 1000 and at the 2,800’ station at 2340 and 
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0540. The diameter of the maximum drop size 
undergoes a steady decrease at a rate of 
0.07—0.1 mm per minute for a period of 
about 20 minutes. Two explanations for this 
have been considered (BLANCHARD, 1955), but 
neither has been satisfactory. 

A detailed study of the drop distributions 
and their relationships with the rainwater 
chlorinity and the salt nucleus distribution is 
being carried out. This should supplement and 
carry further the ideas outlined in an earlier 
similar study (Woopcock & BLANCHARD, 


1955). 
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Determination of Deuterium-Hydrogen Ratios 


in Hawauan Waters 


By I. FRIEDMAN, U. S. Geological Survey, Washington, D. C.! and A. H. WOODCOCK, 
Woods Hole Oceanographic Institution, Woods Hole, Massachusetts? 


(Manuscript received December 27, 1956) 


Abstract 


Previous determinations of the deuterium-hydrogen ratios in natural waters revealed the 
fractionation of deuterium; a fractionation resulting from differences in the vapor pressure of 
H,O and HDO. Measurements of the deuterium in sea, rain, and condensate waters of Hawaii, 
are reported here. These results show a concentration of deuterium in sea-surface waters, and 
an inverse relationship of D with altitude in rain and condensate taken on a mountain side. 
The possible significance of these measurements for cloud physics studies is briefly discussed. 


The technique of the D/H determination is 
essentially as follows (FRIEDMAN, 1953): 0.01 ml 
of water is converted to hydrogen gas by 
| reaction with hot uranium metal. The hydro- 
gen gas is then introduced into a mass spectro- 

meter especially constructed for the purpose 

and the deuterium/hydrogen ratio in the 

sample gas is compared to the D/H ratio in a 
| standard hydrogen. The standard gas was pre- 
| pared from Lake Michigan water, and our 
D/H results are expressed as per cent enrich- 
ment or depletion of deuterium relative to our 
standard water: 


(D/A) ample as (D/H)standard 


D/H Standard fare 


The precision of the method is +0.1 per cent. 
Figure 1 shows the results of previous D/H 


1 Publication authorized by the Director, U.S. Geo- 


logical Survey. 
2 Contribution No. 860 from the 
Oceanographic Institution. 
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analysis of natural waters from various locali- 
ties. During the course of “Project Shower”, 
water samples were taken at the positions 
marked D, to D, on the location map (see 
Figure 3). 

The major source of fractionation of deu- 
terium in nature is the difference in the vapor 
pressure of H,O and HDO as shown by 
EpsTEIN et al. (in press). Figure 2 shows the 
fractionation that occurs during the change 
from liquid to vapor. Note that at 10°C the 
vapor phase is depleted by 8.8 per cent in 
deuterium compared to the liquid in equi- 
librium with it, while at 50°C the fractionation 
is only 5 per cent. During freezing (at 0° C) 
ice is enriched by about 2 per cent in deuterium 
relative to the water from which it is freezing. 

The fractionations that take place during 
change of state are the ones that are important 
in changing the hydrogen isotopic composi- 
tion of water. In the case of atmospheric water 
the source of the water vapor, plus the frac- 
tionation processes it has undergone, will 
determine its final isotopic composition. The 
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observed in various natural waters. These results have 
not been previously published. 


trade wind clouds that we are concerned with 
in Hawaii are composed of water which has 
evaporated from the open ocean. 

The surface composition of the ocean in 
this latitude varies between about +4.0 and 
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+ §.0 per cent relative to our Lake Michigan 
standard. If we assume that evaporation occurs 
at about 20°C, and that the sea represents an 
infinite reservoir of essentially unchanging 
composition, the water vapor will be about 
8.0 per cent “lighter” (depleted in deuterium) 
than the ocean, or approximately —3.5 per cent 
on our scale. This compares to the —3.9 
per cent that we found for condensate (water 
from ice formed on exterior of vessel contain- 
ing solidified carbon dioxide) at the wind- 
ward shore of the island (see location map 
Figure 3 and Table 2). 

Table 1 shows the D/H ratios in rain water 
sampled at various altitudes on the mountain 
side, and in lake water (station D6). Lake 
Waiau water is thought to come largely from 
Or 


un 
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N 
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Fig. 2. Ratio of the vapor pressures of H,O and HDO, 

taken from experimental data derived by measuring the 

isotopic composition of liquid and vapor secured during 
a single-stage distillation. (Epstein et al., in press.) 


melted snow near the mountain top. It is 
subject to excessive evaporation, due to the low 
water content of the air at high levels, and 
the D/H ratio is not therefore considered to 
represent that of the original precipitation 


Table 1. Deuterium in rain and lake waters. 


SE eee 


: + Source Number 
: Date Elevation Position 
Time of of D/H per cent 
(1954) Fe) een Water Samples 


EEE 


0930 Nov. 6 50 
1030—1350 Nov. 7 2,000 
— Nov. 2 2,700 
1500 Oct. 26 5,500 
1400 Nov. 21 13,000 


Rain 


2 +3.5 and +4.3 
D2 Rain 5 +3.5 to +4.0 
D3 Rain it +2.5 
D4 Rain 2 +2.0 and +2.3 
D6 Lake Waiau I +1.9 
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Table 2. Deuterium in sea surface and condensate waters. 


4 EINE Source Number 
a Date Elevation Position 
Time of of D/H 
5 f /H per cent 
(1954) (et) GES mep) Water Samples 
— — fo) D7 Sea surface 2 +4.1 and +4.5 
— Nov. 18 50 Dr Condensate I — 3.9 
0900—I100 Nov. 21 9,500 D5 Condensate Ww — 12.1 


falling at that height. The rain samples were 
obtained in a few seconds, using a 0.5 m? 
stainless steel funnel, and were not subject to 
a significant amount of evaporation after 
arrival at ground level. Rain samples coming 
from stations D2, D3, and D4 were taken 
within the clouds on the mountain slope. (See 
location map Figure 3.) 

It should be mentioned that cloud motion 


ae }PEPEEREO 


@ DEUTERIUM SAMPLING STATION 


N HILO AERODROME 


ae 


Fig. 3. Map of Hawaii showing location of the stations 
where rain water, sea water, and water vapor were 
sampled for deuterium analysis. 


was, in general, from east to west; hence from 
position Dr up the mountain slope and through 
the “Saddle” which lies westward of position 
D4. It is interesting that the rains sampled 
at progressively higher elevations show a 
trend toward depletion of deuterium (see 
Table 1). A comparison of the D/H values for 
condensate (Table 2) obtained near sea level 
and at 9,500 feet altitude also shows markedly 
the reduction of deuterium with height. 
The number of rain and condensate samples 
analyzed is low. It seemed pertinent, however, 
to point out that the trend toward decreased 
D/H values in rains falling at successively 
greater distances from the windward coast has 
been previously noted. (KIRSCHENBAUM, 1951.) 
This decrease may be explained as follows: 
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At the start of precipitation (assuming a wet 
bulb temperature of about 10°C) the first 
fraction precipitating will have a composition 
of about +4.5 per cent and the rain will get 
progressively lighter as the cloud becomes 
depleted in deuterium. Our rain samples from 
the so ft. level analyzed +4.3 and +3.5. At 
higher elevations we were sampling later 
periods in the precipitation and therefore the 
rain should become lighter as we proceed up 
the mountain and in the direction of motion 
of the clouds. Note that at 2,000 ft. rain varies 
from +3.6 to +4.0, at 2,700 ft. +2.5, and at 
5,000 ft. +2.0 and +2.3. 

An alternate explanation for these observed 
effects is that a cloud system represents a large 
distilling column with reflux. In this case the 
cool top (high altitude) will be enriched in 
the component of higher vapor pressure (H,O) 
and the warmer bottom will be enriched in the 
component of lower vapor pressure (HDO). 
Rains formed near the bases of the orographic 
clouds are more likely to fall on the lower 
slopes of the mountain, while the rain formed 
near the cloud tops will be carried by the winds 
to the upper slopes before they fall to the 

round. 

In all probability the two processes (ie. 
depletion of deuterium as the cloud loses water, 
and the distilling column effect) are both 
operative in the clouds. The relative importance 
of each process can only be decided by more 


Table 3. Deuterium, salinity, and intensity in 
rains sampled on Nov. 7 at position D2 (see 
Table 1 and Figure 3). 
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D/H per cent many ri 
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556 I. FRIEDMAN AND 
measurements continuing to use samples taken 
under known conditions. 

On November 7, five rain samples were 
taken for deuterium measurements at position 
D2 at a time when rain samples were also 
taken for intensity and salinity determinations. 
Table 3 shows these results. It is interesting 
that there is a suggestion of a relationship 
between salinity and D/H. The number of 
samples is inadequate, however, to indicate a 
definite relationship. 


A. H. WOODCOCK 


At the present time it is not clear to what 
extent the D/H ratios may be useful in studying 
rain-forming mechanisms. The results given 
here clearly suggest that deuterium should be 
added to the list of properties of cloud, rain 
and condensate waters which may be useful 
in cloud physics studies. 

This work was conducted in part by the 
U.S. Geological Survey on behalf of the 
U.S. Atomic Energy Commission. 
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Atmospheric Electrical Measurements in the Hawaïian Islands* 


By 
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VINCENT J. SCHAEFER, The Munitalp Foundation, Inc., Schenectady, New York 


Abstract 


An exploration of the electrical properties of the atmosphere on and above the island of 
Hawaii, as indicated by a portable corona current unit, is described. A 30 foot telescopic mast 
having a radioactive probe mounted on an insulated bushing and connected by shielded cable 
to a sensitive microammeter was used. Corona currents were measured at a number. of geo- 
graphic locations ranging from sea level under conditions of heavy surf to the 10,000 foot level 
on Mauna Kea several thousand feet above the exchange layer, and over the land and ocean 
in a light plane. Observations were made under clear, cloudy and rainy conditions. Fair weather 
and cloudy conditions gave currents from air to earth of positive sign. With warm rain 
falling the currents had a negative sign and increased in value with intensity of precipitation. 
In several instances indications of incipient discharges similar to that observed in mild light- 
ningstorms were noted. 

The island of Hawaii has many desirable features to recommend it for an extensive research 
program in atmospheric electricity. A simple and inexpensive approach to inaugurating such 
a program is suggested. 


* This paper was published in “Geofisica pura e appli- 
cata”, Vol. 34 (1956/11) pp. 21I—220. 
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Upper Air and Surface Wind Observations ” 


I. Introduction 


During the period of “Project Shower”, 
special observations were made of upper 
winds over the Hilo coast and surface winds at 
selected points on the windward slopes of 
Mauna Loa and Mauna Kea on the Island 
of Hawaii. The purpose of the observations 
was to obtain data from which estimates could 
be made of air flow through the saddle dur- 
ing “budget” operations and to supplement 


1 Prepaered by L. E. Eber, present affiliation: U.S. 
Fish and Wildlife Service. Stanford University, Pato 
ALTO, CALIFORNIA. 

? Published with the approval of the Director as Tech- 
nical Paper No. 247 of the Pineapple Research Institute 
of Hawaii. 


regular upper wind observations taken at Hilo 
by the U.S. Weather Bureau. 


2. Upper Winds 


The upper winds observations were ob- 
tained with a mobile unit equipped for taking 
single theodolite pilot balloon measurements. 
The objective was to obtain, in as short a 
time as possible, a series of upper wind mea- 
surements along a line approximately nor- 
mal to the direction of trade-wind flow. Six 
stations were established between Mountain 
View, located 12 miles south of Hilo, and 
Hakalau, about 15 miles to the north (see 
Location Map). The first release of each series 
was made at Mountain View, followed by 
subsequent releases at successive stations north- 


Table 1. Upper Winds (Pibal) 


25 October 1954 


ee ——————_—____]_]_]__ 


Olaa Wainaku 
Altitude 1442 HST 1527 HST 
feet above 

sea level Dir Speed | Dir. Speed 
degs m.p.h degs m.p.h 
500 70 II 80 10 
1,000 75 II 85 9 
1,500 85 II 95 8 
2,000 95 10 105 8 
2,500 100 9 120 8 
3,000 95 i 125 7 
3,500 95 6 130 6 
4,000 100 4 155 5 
4,500 115 4 170 6 
5,000 IIo 4 175 6 
5,500 100 5 165 7 
6,000 100 5 155 7 
6,500 105 6 140 9 
7,900 115 8 130 13 
7,500 125 15 
8,000 125 14 


Pepeekeo Honomu Hakalau 
1610 HST 1628 HSS 1647 HST 
Dir. Speed | Dir. Speed | Dir Speed 
degs. | m.p.h. | degs. | m.p.h. | degs. | m.p.h. 
— oo 100 8 105 13 
IIo 9 100 13 105 14 
110 8 95 14 110 14 
IIo 8 105 Io 105 12 

115 12 


Tellus IX (1957), 4 


UPPER AIR AND SURFACE WIND OBSERVATIONS 559 


6 November 1954 
a 


: Mtn. View Olaa Wainaku Pepeekeo Hakalau 
Altitude 1520 HST 1543 HST 1617. Hot 1643 HST 17022 Hom 
feet above fn nd nen RE 
sea level Dir. Speed Dir. Speed Dir. Speed | Dir. | Speed | Dir. | Speed 


degs. m.p.h. degs. m.p.h. degs. | m.p.h.| degs. | m.p.h. | degs. | m.p.h. 
RE RE Ph oe | oe LE 


500 = = m: = 65 5 ey == 155 7 
1,000 — — 45 5 IIo 4 160 7 140 9 
1,500 — — 50 ff 100 6 130 8 140 Io 
2,000 35 8 50 7 100 6 120 9 145 Io 
2,500 50 9 55 6 100 5 130 5 140 DT 
3,000 50 9 en 7 110 8 125 5 
3,500 49 7 5 7 
4,000 30 8 70 4 


7 November 1954 


a 


Mtn. View Olaa Pepeekeo Hakalau 
Altitude TeSys AuisyiE 1205 HST 1400 HST 1339 HST 
feet above un u u em sl rn TG | I FEB nn I Sul in I es nn 
sea level Dir. Speed Dir. Speed Dir. Speed Dir. Speed 
degs. m.p.h. degs. m.p.h. degs. m.p.h. degs m.p.h. 
500 — — — — — -— 90 8 
1,000 — — 60 18 65 7 70 10 
1,500 — — 65 16 45 6 65 8 
2,000 60 15 70 it 55 II 65 8 
2,500 60 15 60 1192 55 T5 
3,000 60 14 55 ir 45 I4 
3 500 50 13 40 13 
4,000 45 Io 
25 November 1954 
Mtn. View Olaa Wainaku Pepeekeo 
Altitude 1525 HST 1548 HST 1630 HST 1700 HST 
feet above EE À I 
sea level Dir. Speed Dir. Speed Dir. Speed Dir. Speed 
degs. m.p.h. degs. m.p.h. degs. m.p.h. degs. m.p.h. 
500 — = — — 80 3 = = 
I,000 = = 65 8 80 4 140 4 
1,500 = — 65 10 90 5 110 6 
2,000 40 10 65 II 95 7 105 8 
2,500 40 Io 70 Io 95 Io 105 9 
3,000 35 Io 65 12 95 II 100 if 
3,500 30 17 60 iit 90 10 95 10 
4,000 50 Io 85 8 90 8 
4,500 40 9 75 5 85 7 
5,000 30 TT 90 6 
5,500 25 II 90 7 
6,000 35 Io 90 Jar 
6,500 85 16 
7,000 90 20 
7,500 90 23 
8,000 85 25 
8,500 80 26 
9,000 75 27 
9,500 73) 2 
10,000 70 25 


ml Mans MN. > ai] wel} iow 70 mel 25 - 
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26 November 1954 
Mtn. View Olaa Wainaku Pepeekeo 
Altitude 1525 HST 1603 HST 1742 HST I709%E1S7 
feet above — 
sea level Dir. Speed Dir. Speed Dir. Speed Dir Speed 
degs. m.p.h. degs. m.p.h. degs m.p.h degs m.p.h 
500 — — — — 190 9 — — 
1,000 — — 105 12 170 10 155 II 
1,500 — — 110 12 160 II 160 12 
2,000 65 7 115 II 160 12 160 14 
2,500 65 8 115 Io 160 12 155 16 
3,000 75 8 125 9 165 12 155 17 
3,500 70 7 130 8 170 1022 150 17 
4,000 55 6 135 7 175 14 150 16 
4,500 30 5 125 6 145 16 
5,000 25 6 120 6 135 17 
5,500 45 9 115 7 120 20 
6,000 65 m2 120 8 120 ZU 
6,500 79 I4 105 Io 120 20 
7,000 70 II 95 13 120 18 
7,509 90 H 95 14 125 15 
8,000 115 7 100 II 130 12 
8,500 115 7 115 9 135 II 
9,000 110 8 130 8 125 9 
9,500 100 9 135 7 110 8 
10,000 80 12 120 7 80 9 
11,000 65 13 70 12 45 10 
12,000 55 12 55 Io 
13,000 45 12 
14,000 25 14 
30 November 1954 
Mtn. View Olaa Pepeekeo Hakalau 
Altitude 1428 HST 1500 HST 1556 HST 1628 HST 
feet above — == 
sea level Dir. Speed Dir. Speed Dir. Speed Dir. Speed 
degs. m.p.h. degs. m.p.h. degs. m.p.h. degs. m.p.h. 
500 — — — — — — 180 12 
1,000 — — 20 8 195 3 170 13 
1,500 — — 40 8 150 5 155 13 
2009 25 Io 55 10 135 9 150 13 
2,500 50 12 65 12 145 TT 
3,000 70 I4 70 13 
3,500 70 16 75 15 
4,000 80 18 


ward. The entire series could be completed in 
about two hours. The data obtained from 
these observations, made on nine days during 
the project period, are given in table 1. Most 
runs were short due to the presence of low 
clouds. 


3. Surface Winds 


Standard three-cup anemometers with re- 
corders were installed along the Saddle Road 


at three sites designated SR2100, SR4500 and 
C77 on the Location Map. The recorders 
indicated each mile of wind passage against 
time. The total miles of wind passing the 
anemometers were also read daily direct 
from the counter on each instrument. The 
anemometers at SR2100 and SR4soo were 
each mounted on pipes extending 7 feet 
above the roofs of shacks situated in forest 
clearings about 100 feet across. The instrument 
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I December 1954 
TT ee 


’ Mtn. View Olaa Wainaku Pepeekeo Hakalau | 
Altitude 1422 HST 1447 HST 1523) HS 1554 HST 1618 HST 
SES SS SENG ee EN es eg ee ee ee eee eee ee 
sea level Dir. | Speed | Dir. | Speed | Dir. | Speed | Dir. | Speed | Dir. | Speed 


degs. m.p.h. degs. m.p.h. degs. | m.p.h.| degs. | m.p.h. | degs. 


500 = — = — 60 4 - 130 4 
I,000 — — 30 LS 75 6 125 5 130 9 
1,500 A == 35 117 80 7 120 6 125 Io 
2,000 20 9 35 II 80 8 115 6 125 TT 
2,500 25 II 35 10 80 9 115 7 125 II 
3,000 30 13 35 9 85 9 IIo 8 125 D 
3,500 35 14 85 9 IIo 9 120 II 
4,000 35 15 90 10 IIo Io 115 12 
4,500 35 17 95 Io 105 Io 
5,000 40 17 95 dE 100 12 
5,500 50 18 95 13 95 14 
6,000 60 18 95 16 
6,500 70 20 
7,000 70 20 
7,500 70 20 

2 December 1954 
Mtn. View Olaa Wainaku Pepeekeo Honomu Hakalau 
Altitude 1409 HST 1428 HST 1502 HST 1527 HST TOU2Z eit oss 1547 HST 
REC DISONS En ae HE ee LR 
sea level Dir. | Speed| Dir. | Speed| Dir. | Speed| Dir. | Speed| Dir. | Speed| Dir. | Speed 
degs. |m.p.h.| degs. |m.p.h.| degs. |m.p.h.| degs. |m.p.h.| degs. |m.p.h.| degs. |m.p.h. 
500 90 17 .—_ — 90 14 80 15 

1,000 = — 55 15 90 16 80 16 90 15 85 15 

1,500 — — 60 16 90 14 85 18 90 16 90 16 

2,000 75 19 65 16 85 19 90 16 90 n7 

2,500 75 17, 65 15 85 18 90 15 

3,000 70 14 85 16 90 15 

3 December 1954 
Mtn. View Olaa Wainaku Pepeekeo Honomu Hakalau 
Altitude TAOS HIST 1340 HST 1440 HST i512 oD 1603 HST 1537 HST 
ee a | nn | I  — 
sea level Dir. | Speed} Dir. | Speed] Dir. | Speed| Dir. | Speed] Dir. | Speed| Dir. | Speed 
degs. |m.p.h.| degs. |m.p.h.| degs. |m.p.h.| degs. |m.p.h.| degs. |m.p.h.| degs. |m.p.h. 
500 Calm — - Calm 180 8 

1,000 = — 360 7 Calm 90 2 125 2 145 8 

1,500 — — 40 8 70 4 90 7 100 5 105 10 

2,000 25 8 70 Io 85 a 85 9 85 8 95 12 

2,500 35 8 90 Io 80 Io 75 fo) 90 13 

3,000 45 7 85 10 75 10 70 o 90 13 

3,500 75 9 70 8 70 8 85 IT 

4,000 70 9 65 7 75 9 


at C77 was installed on a pipe about 7 feet which rose to a height of about 150 feet 
above the ground atop a small cinder cone above the surrounding lava fields. 
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Table 2. Daily Surface Wind Speeds at Saddle 
Road Station C 50 


(Average Speeds for 24 Hours Preceding Indicated 
Times, in Miles per Hour). 


C 50 

Le Time Speed 
Oct 20 1550 M 
Oct 21 1215 9.8 
Octmz2 1125 9.3 
Oct 23 I124 Wey) 
©0224 1024 10.0 
Oct 25 1029 9.0 
ee 1035 7.1 
©0227 1040 5.8 
Oct 28 1107 4.2 
Oct 29 1023 4.0 
Oct 30 0958 4.5 
OCT 1049 6.8 
Nov ı 1103 7.0 
Nov 1034 5.6 
Nov 3 1125 6.0 
Nov 4 1125 6.0 
Nov 5 1043 5.6 
Nov 6 1004 5.6 
Nov 7 M M 
Nov 8 M M 
Nov 9 1057 7.3 
Nov 10 1044 082 
Nov 11 1047 6.7 
Nov 12 1030 5.5 
Nov 13 1050 6.9 
Nov 14 1029 6.4 
Nov 15 1030 10.0 
Nov 16 M M 
Nov 20 1040 5.6 
Nov 21 M M 
Nov 23 M M 
Nov 24 M M 
Nov 28 1044 6.6 
Nov 29 1147 6.1 
Nov 30 1027 5.8 
Dec 1605 11.6 
Dec 1543 9.8 
Dec 3 1450 PI 
DÉC 1511 2.4 


M indicates missing data. 


À non-recording anemometer, located at 
Cso about 6 feet above the ground over 
open pasture land, was read daily. 

Average daily wind speeds from this in- 
strument are given in table 2. Wind speeds 
at four hour intervals given by the recording 
anemometers appear in table 3. 

At Keaau Orchard (Station 98) wind speed 
and direction were obtained with a recording 
anemometer and wind vane. These data, 
tabulated for four hour intervals, are given 
in table 4. While the recorder gave the wind 
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direction to four cardinal points of the com- 

ass only, intermediate directions were assumed 
when uniform fluctuations between any two 
points occurred. The anemometer and vane 
were mounted about 16 feet above the roof 
of a quonset building situated in a large clearing 
in a macadamia nut orchard. 

Wind speed and direction indicators were 
installed at Kulani Camp (Station 79) and 
read hourly. Data from these instruments, 
tabulated for four hour intervals, are given 
in table 5. The anemometer was a three- 
cup generator type instrument which did 
not work well at low wind speeds, cutting 
off below 4 mph. The anemometer and vane 
were mounted on a pipe extending 7 feet 
above the roof of a one-story building in a 
large forest clearing. 

Four-hourly values of surface wind speed 
and direction at Hilo Airport, provided by 
the U.S. Weather Bureau, are given in table 6. 


4. Diurnal Variation of Surface Vind 


The surface wind data contain evidence of a 
diurnal wind regime. Graphs of hourly wind 
direction frequency and average wind speed 
for Hilo Airport, Keaau Orchard and Kulani 
Camp are shown in figs. 1 to 3. Graphs of 
average hourly wind speed for the three 
recording anemometers located along the 
Saddle Road appear in fig. 4. 

The principal features of the diurnal wind 
system, as demonstrated by figs. 1 to 4, are a 
westerly (downslope) flow occurring at night, 
and an easterly (upslope) flow during the day 
time. The speed of the downslope wind 
appears to be fairly uniform and smaller in 
magnitude than the upslope flow. The latter 
increases during the morning and reaches a 
mixamum at midday. The morning transition 
from westerly to easterly flow appears to 
take place earlier at Kulani Camp, at 5,000 
feet above sea level, than at Keaau Orchard or 
Hilo which are near the coast. Westerly 
winds prevail from 1900 to 0700 or 0800 HST.2 
The frequency of southerly winds (not shown 
on the graphs) at Kulani and Hilo reach a 
maximum, amounting to 20—25 percent of 
all observations, between 0800 and 1100 HST, 
suggesting that the morning shift in direction 
is counterclockwise through south. 


2 Hawaiian Standard Time, ısoth meridian civil time, 
is abbreviated HST. 
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Fig. 1. Surface winds at Hilo Airport for the period 

20 October to $ December 1954. Upper graph—average 

hourly wind speed. Lower graph—average frequency of 

occurrence of winds from south-southwest through west 

(solid line) and of winds from north through southeast 
(broken line). 


Fig. 2. Surface winds at Keaau Orchard for the periods 
20 to 22 October and 8 November to 4 December 1954. 
Upper graph—average hourly wind speed. Lower graph— 
average frequency of occurrence of west and east winds. 


Fig. 3. Surface winds at Kulani Camp for the period 28 
October to 4 December 1954. Upper graph—average 
hourly wind speed. Lower graph—average frequency of 
occurrence of winds from west northwest through north 
(solid line) and winds from north-northeast through 
south-southeast (broken line). 


Fig. 4. Average hourly wind speeds for Saddle Road 
anemometers at SR2100, SR4500 and C77 for the period 
20 October to 4 December 1954. 
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Table 3. Four-Hourly Surface Wind Speeds at Saddle Road Stations 


(Miles per Hour). 


Cy 


SIR Zoe 


Time 


Time 


Time 


Date 


SE FE IRON re OO ER OMS 7 UF ES OC Oni POP Sa Ors SEES 


D EN en DO DT OR DIE IN ES 09 TR CO NO ner TO SWENSIS! mg manga 


12 
Io 
M 

9 
12 
Io 


ee) 
CRE i INO SOMOS EIN O ERIC ST 0:00! OO. © OO a ©\00 00 © © OS RORNANICOES 
Hr H HH MH H HoH HHH HR RRR HH HHH 


Ra eS pata Dea OO) OIE ISIE SIO MONET RS ==} Mel Mast Ses Sy NO ODE 


ORS ORDRE RERO LOAM ISI AE OBS NO EN coT OUT OT RENE = DOC NS RES 


Te 


Sys SE SOIN TS HS mit uw + + 00 a ny Nos OOS atatHaas 


7 RES RENNES MEME TG TS eS Se acl x DS OS ROSE RER 


FTHOSSSSSLCLUULVLVLESHUOUE HO NO NOOON ROTOOO0 OAnatnnd 


SENS ES os st MINUTES PS RN RIDER SUSU Gi GS NRC 


SD Se OSSI EE oe Sa RENE RESTE Re) = Ta) Raves! Sie) EEE RST US) NOS) AR) 


CR ANS OSS EE OES LOR ES! BESS OO 1G) tO) ich. SENS) eet Tey Diss Nyt Oot OOS 


SSI ORO) 0355572 E22 OOPS ROC NT OO OL TS OES OTS SAS SS) Leyes 


Er RCo I TI ty LO ST Sri Sa ES ast sae Ug) iss sin 


NER +0 NH 00 NE 0 NS NOD THO RON RENNES RRDROR ONSS SS + 


QUE PERSO, CM EE MOT RES EEE = SOUPE EN SS PIS eRe! te 


KP ONE RMI OORT SIE A SSIS NSW ary = Hoye) best No Aa) See ete oS 


preceding indicated times. 


Times are Hawaiian Standard Time. 


Notes: Tabulated values are averages for one hour 
M indicates missing data. 


Tellus IX (1957), 4 


UPPER AIR AND SURFACE WIND OFSERVATIONS 565 


Table 4. Surface Winds at Keaau Orchard 
(Speeds in Miles per Hour). 


ne 
Date 
. 0400 0800 1200 1600 2000 2400 
Dir. Speed Dir. Speed Dir. Speed Dir. Speed Dir. Speed Dir. Speed 
| 

Oct 20 W 3 Calm E 2 W 3 W 2 W I 
Octe2r M M M M M M E 4 E 6 E 4 
Oct 22 Calm M 2 M M M M M M M M 
Nov 8 M M M M M M NE 7 W 3 E 4 
Nov 9 S 3 SW 4 E 10 E 8 Vrbl 2 S 2 
Nov Io W 4 S 3 E Io E II S) 2 S 3 
Nov II SW 4 S 3 E M E 12 S 3 8 4 
Nov 12 W 6 Vrbl 2 E Io M M M M M M 
Nov 15 M M S I E 8 E 8 SW 2 W 3 
Nov 16 W 3 S 2 E 9 E 8 W 2) W 2 
Nov 17 W 2 S 2 E 9 E Er W 3 W 2 
Nov 18 W 3 S 4 E 10 E LT S 2 S 3 
Nov 19 S 4 S 3 E M M M M M M M 
Nov 22 M M Calm E M E 9 S 2 W 2 
Nov 23 W I W E 10 E 9 W I W 3 
Nov 24 W 2 W 4 NE 7 M M M M M M 
Nov 26 M M M M NE 6 M M M M M M 
Nov 29 M M M M SE 2 E 4 Vrbl I W 3 
Nov 30 W 5 W 3 W 4 N 2 W 2 NE 10 
DES: W 3 W 4 M M N 7 W 3 W 4 
Dec N 8 N Io NE 13 N 13 E 9 NE 9 
Decks 3 W 5 W 4 NW 5 W 5 W 4 W 5 
Dec 4 W | 6 W 7 N 6 M M M M M M 


Me m 1 0 00 | 1 — —_—_—_—_—_—_—_—_—_—_—_——"————— 


Notes: Tabulated values are average speeds and prevailing directions for one hour preceding indicated 
times. 
Times are Hawaiian Standard Time. 
M indicates missing data. 
Vrbl stands for variable. 
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Table 5. Surface Winds and 


(Miles 
Time of Observation 
Date 0400 0800 1200 
Wind Weather | Wind Weather | Wind Weather 
SSS LUS INC TU DS ne us GIE 1 UC MS | D De SN SE Rd NDS UE IT 
Eu 26 
Oct 29 SE Cc M NE C M E € M 
Oct 30 N € M N Cc M ISU, aw M 
Oct 31 N © M NNE 9 M NE C M 
Nov 1 NNW 5 Clear N Io Clear SE C Clear 
Nov 2 NW (œ Clear SW & Clear ESE 9 Clear 
Nov 3 NW Clear SE C Clear SE Cc Clear 
Nov 4 NW C Clear NE © Clear NE & Clear 
Nov 5 NW C Clear NE € Clear SE © Clear 
Nov 6 NW C Clear WSW C Rain ENE 6 Cldy 
Nov 7 WNW C Clear N 5 Clear NE 9 Clear 
Nov 8 N 12 Pt Cldy NNE 8 Rain ENE © Clear 
Nov 9 WNW C Clear NW C Clear E € Rain 
Nov Io NW C Lt Rain HINES Clear NE € Clear 
Nov 11 W © Clear NW C Clear SE C Clear 
Nov 12 NW C Clear ENE C Clear TONE © Clear 
Nov 13 NNW C Clear NNE C Clear NE C Clear 
Nov 14 NW 4 Clear NE € Clear NE 8 Clear 
Nov 15 NNW C Clear INIWi CE Clear SE © Clear 
Nov 16 NNW C Clear NNW C Clear E 5 Clear 
Nov 17 WNW 5 Clear E C Clear NE © Clear 
Nov 18 NW C Clear WSW C Clear E 7 Clear 
Nov 19 WNW C Clear SW & Clear SE 7 Clear 
Nov 20 NWRC Clear NE (€ Clear S € Clear 
Nov 21 WNW C Clear SE C Clear SE Io Clear 
Nov 22 NW C Clear WSW C Clear SE EC Clear 
Nov 23 NW E Clear N (@ Clear NE 6 Clear 
Nov 24 NW ai Clear N 8 Clear NE 5 Clear 
Nov 25 N C Clear NE Cc Clear NE 5 Clear 
Nov 26 N C Clear ENEZEG Clear NE 7 Clear 
Nov 27 SW © Rain SW 10 Drzl SW: 16 Rain 
Nov 28 SW Io Th Rain SW Io Rain SSW 15 Rain 
Nov 29 W @ Clear NNW C Lt Rain WNW C Drzl 
Nov 30 INNES Rain N 4 Rain NNE 8 Clear 
IDS NNW 5 Clear N 6 Rain N 7, Lt Rain 
Dec 2 N Io BtADrEz1 NNE C Lt Rain ENE 5 Lt Rain 
DEC NNEC Drzl N ® Drzl NNE C Clear 
Dec NNW C Clear N Cc Clear ENE NT Lt Drzl 


Notes: Data in this table pertain to conditions at times of observation. 
C indicates wind speeds from o—3 mph, inclusive. 


M indicates missing data. 


The following abbreviations are used: Pt = Partly; 


Drzl = Drizzle. 


Times are Hawaiian Standard Time. 


Cldy = Cloudy; Lt = Light; Th = Thunder; 
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Weather at Kulani Camp 


per Hour). 
Dim eyon) Oibis'erw ati on! 
Date 1600 | 2000 | 2400 
Wind Weather | Wind Weather | Wind Weather 
Oct 28 NW C M NW C M 
Oct 2 E C M NE @ M NWSRC M 
Oct 30 NE C M N 4 M NNW 5 M 
(Oase Si: NNE 7 M NNW 6 M NW C M 
Nov 1 SE iC Clear NW C Lt Rain NW € Lt Drzl 
Nov 2 NNE C Clear WNW C Clear NNW 6 Clear 
Nov 3 E 6 Clear NW C Clear NW C Cldy 
Nov 4 EIN EG Clear IN Wise Clear NNW C Fog 
Nov 5 E C Clear NE (& Pt Cldy W € Pt Cldy 
Nov 6 ENE C Clear NW sc Lt Rain WNW C Drzl 
Nov 7 NE 5 Drzl N 9 Clear N Io Clear 
Nov 8 ENE 13 Clear WNW C Clear NNW C Clear 
Nov 9 E 6 Clear W ® Clear NW & Clear 
Nov Io ENE C Clear NW C Clear W Cc Clear 
Nov 11 NE 6 Clear NW C Clear WNW C Cldy 
Nov 12 NE € Clear NW C Clear N @ Clear 
Nov 13 NE 5 Clear NW 6 Clear N @ Et Drzl 
Nov 14 ENE 10 Clear N 5 Clear N C Clear 
Nov 15 NE 5 Clear NW 5 Clear NW 5 Clear 
Nov 16 NE 6 Clear IN — C Clear NNW 5 Clear 
Nov 17 E 5 Clear IN VV Clear NW SC Clear 
Nov 18 E C Clear NW C Clear WNW C Clear 
Nov 19 SE C Clear W (@ Clear NW aC Fog 
Nov 20 E 5 Clear WNW C Clear NW 5 Clear 
Nov 21 NE C Clear IN Wie iC Pt Cldy NW C Clear 
Nov 22 NE € Clear NW 6 Clear ny  € Clear 
Nov 23 S C Clear NW € Clear NW 5 Clear 
Nov 24 NE 5 Clear NW 7 Clear N @ Clear 
Nov 25 NE 16 Drzl N C Cldy NW C Clear 
Nov 26 SE C Cldy SW C Cldy NNW C Cldy 
Nov 2 SW 14 Rain SW C Cldy SW 10 Cldy 
Nov 28 So Wie 16 Cldy Se, € Cldy W @ Cldy 
Nov 29 ENE C Cldy N (© Clear NNE 4 Cldy 
Nov 30 NNE 5 Drzl NNW 6 Clear NNE 5 Clear 
Decker: N 6 Lt Rain NNW 5 Rain N œ Rain 
Dec 2 NNE C Drzl NNE C Fog N € Drzl 
Dec NNE C Clear NNE C Clear N 4 Clear 
Dec 4 ENE 8 Be Drzl 
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Table 6. Surface Winds at Hilo Airport 
(Speeds in Miles Per Hour). 


Time of Observation 


Dei 0400 0800 1200 1600 2000 2400 
Dir. Speed} Dir. Speed} Dir. Speed] Dir Speed] Dir. Speed] Dir. Speed 
Oct 20 WSW 4 SE NI 6| W 4 | SW 4 Calm 
Oct 21 WSW 4 SW 4 | W 2 | NNW Bl Se 5 2 
Oct W 2 S 2 | S13 Gf || sla, IT | SW 2 SW 5 
Oct 23 S 3 W 6| N 4 | ENE 6| W 5 SW 5 
Oct 24 SW 5 SE SE NE © || Siz ı | SSW 6 SW 6 
Oct 25 WSW 4 SSW SRE zu 18 or mE 5 NW 4 
Oct 26 SSW 5 SW 2 || SAW. 4 |W 4 | W 7 WSW 3 
Oct 27 SW 4 SW 2 || 18, Io | ESE 8 | SW 3 SW 4 
Oct 28 W 4 W 3 | Calm W op || S\N 3 SW 4 
Oct 29 WSW 5 SW 2 || 12 of || Sie 8 | SW 2 SW 5 
Oct 30 SW 5 W || 18, Io | ENE 6 | SW 5 SW 5 
Oct SW 5 WSW A |S) 5|E 6 | SW 4 W 4 
Nov ı WSW 5 WSW 4 | ENE 9|E 7 | SW 3 SW 4 
Nov 2 W 4 WSW A ESE 10 | SE of || NWS 4 SW 5 
Nov 3 WSW 4 SSW 4 | ESE 5 | ESE @) || S 3 SW 4 
Nov 4 WSW 4 WSW AIDE @) || IE 8 | WSW 3 WSW 6 
Nov 5 WSW 5 W GORE TONNES 5 | WSW 2 WSW 3 
Nov 6 WSW 2 W Salen |) de 3 | WSW 3 Calm 
Nov 7 W 3 WSW 4 | NE 6| NNW 3 | WNW] 3 WSW 4 
Nov 8 WSW 4 WNW AIRE af || IRIN, 8 | W 4 S 12 
Nov 9 © 7 SW 54 bok ©) || SSIs 5 | SSW 3 SW 4 
Nov 10 SSW 4 SW AN |) BSI 722 | ne |S 6 S 4 
Nov 11 WSW 5 SW ve WE 123 | Sie me || SW 4 SW 5 
Nov 12 SW 6 WSW 5 | ESE Ir, EST a || SONNE 4 SW 4 
Nov 13 SW 5 WSW 4 | ENE & || 18 5 | WSW I WSW 5 
Nov 14 WSW 4 Calm NNE 3 | NW SE SSE 4 W 2 
Nov 15 SSW 3 SW A\ |) 1S) 10 | ESE 8 | SW 4 SW 4 
Nov 16 SW 3 SSW 3 | ESE @) || BOB q || SIS, 6 W 5 
Nov 17 W 4 SW 4 | SE CHINESE 10 | SSW 4 WSW 7 
Nov 18 S 5 W A || SE 62 ERSE 8 | SW 4 SW 4 
Nov 19 SW 4 SW 3 || Se T220 SP 14 | SSW 3 SSW 5 
Nov 20 SW 6 WSW 3. ENE 5 | SE ie || © 2 SW 6 
Nov 21 SW 6 SW 5. SE 15 | ESE ıo | SSW 3 SW 4 
Nov 22 SW 4 SSW ZUNE, 9 | ESE G || SSN 4 SW 6 
Nov 23 SW 5 SSW 4 | ESE 9 | ENE 4 | SSW 4 WSW 6 
Nov 24 WSW 7 SW 4 | ESE 8 | SE 6 | SW 3 WSW 6 
Nov 25 WSW 4 SSW sel I DIRE 5 | W 3 W 4 
Nov 26 WSW I Calm ENE OS fa coy ws 9 | SW 6 S 5 
Nov 27 ESE 4 SW 7 | SW 12 | SW 8 | SW 5 SW 6 
Nov 28 SSW 7 SSW AMES SE, TASSE 17 | SSW 5 S 12 
Nov 29 SSW 6 SSW Rs 4 | Calm SW 4 Calm 
Nov 30 W 5 Calm NNE 4 | Calm W 2 S 3 
Decr W 4 SW SE EN: 6 | NE 4| W 4 WSW 4 
Dec E 8 E vag || ISD 14. |PESE 9 | W 5 WSW 2 
DEC WNW 9 WNW AN EN 6| W 4 | WSW 2 W 4 
Dec 4 WSW 7 WSW ZEN 4 | NE WW || & WSW 4 


Notes: Data in this table pertain to conditions at times of observations. 
Times are Hawaiian Standard Time. 


Tellus IX (1957), 4 


Upper Air Data for Project Shower’ 


The tabulation below is a composite selection 
of levels from the rawinsonde observations 
taken at Hilo Airport during the period 
October 13—December 6, 1954. Special radio- 
sonde ascents were allowed by the USS. 
Weather Bureau in connection with Project 
Shower making a total of 4 dash for most of 
the period. Levels have been selected from both 
the upper wind diagrams and from the thermo- 
dynamic diagrams in such a way that linear 
interpolation between levels will give an ac- 
curate representation of both winds and 


nl Height| Pres. |Temp. Mix R | Wind 
ime 
Oct: 
131900 SHG] TOE 220,201 0.74.3 020/03 
400] 1000 | 23.7 | 12.6 020/04 
24508 9282 077.8 1,722 040/06 
5000| 848 | 13.8 827 060/06 
5900| 822 | 12.5 4.7 060/07 
7900| 763 10.0 3.5 360/07 
8250| 752 | 10.5 1.8 360/07 
10000| 707 8.7 23 350/06 
140500 Stel 1012 |Er942]% 174 250/03 
500| 1000 | 22.4 72.3 calm 
3000| 915 7723 9.9 060/05 
6000| 820 | 12.4 7.9 070/09 
7500| 776 | 10.3 7.5 040/08 
9400| 723 | 10.3 3.0 010/06 
Ioooo| 707 9.0 Balt 350/06 
141700 Sicl71072 |7 26.07 |) 14.5 050/05 
2700 52.9427|639.7. [0221 090/03 
6550| 803 | 10.0 6.9 030/12 
7200| 783 | 10.0 NL 020/14 
7550| 774 | 10.6 3.8 010/13 
10000| 708 9.9 282 320/02 
150500 Siel#1034, 518.9, |e 10,7 250/05 
450| 1000 | 22.0 | 12.2 270/04 
2000| 950 19.0 TT 0 060/02 
6600| 802 9.2 8.0 040/09 
725017784 |) 22.0 4.3 060/06 
8600| 743 | 13.5 — 020/02 
Iooool 708 | II.2 2.0 270/03 
151700 Ste ET0L4 7206.70. 74.0 040/05 
400| 1000 | 24.2 12.5 020/06 
7150| 789 9.6 8.0 030/11 
8800] 742 | 13.5 — 070/10 
10000| 709 | 10.4 — 070/12 


thermodynamic structure. The 10,000 feet 
level was selected as the terminal height for 
this purpose in most cases where the sounding 
balloon has passed through the stable layer. 
In cases of higher inversions or soundings 
which had no stable layer, the tabulations were 
extended to such altitude as to include all of 
the moist layer. Times indicated are local 
standard time. Altitudes are expressed to the 
nearest 50 feet, pressure in millibars, tempera- 
ture in degrees C., mixing ratios in grams per 
kilogram, and wind in degrees and knots. 


Dare) Height Pres. (Temp. Mix R| Wind 
Time 

160500 SiC rez || do || ua 240/04 

430 ET0005 8.22.52 817.2:9 210/04 

6800] 797 9.0 8.6 080/16 

7300 8.782 || a7) Dae 090/15 

I10000| 709 | 11.2 — 080/07 

161700 Sfc| 1013 | 26.7 | 13.4 030/05 

470270002 235-0125 030/06 

2000/0230 12279.4 BEL. 060/08 

4850| 845 | 12.1 9.3 280/03 

5500| 835 DAT 9.0 calm 

6400] 807 | 16.1 2.4 070/06 

10000! 708 | 11.6 — 090/06 

170500 Sie Eror50 2204, 012,3 250/05 

450| 1000 | 22.8 | 12.8 320/02 

2000] 948 | 19.0 | 11.4 030/06 

5950| 822 | 10.0 8.3 050/II 

7000| 791 15.3 2.3 080/12 

Iooool 709 | 10.3 — ogo/II 

171700 Sic Ge 20.72 TTC) 360/03 

450| ‚1000 | 24.4 | 10.1 040/04 

2000] 949 | 20.5 Io.I 150/08 

3300| 904 | 17.3 | 10.3 100/07 

4900| 854 | 14.3 62 140/03 

6900] 794 | 16.4 — 090/04 

I0000| 710 | 12.0 — 090/16 

180500 Sell Ko || FO] OR) 270/06 

500] 1000 | 22.4 | 12.8 320/05 

2000 C(O) || WOKS) |] 1129 040/07 

5800] 828 | 10.9 9.5 040/16 

6650| 804 | 12.9 5.3 040/14 

8900| 738 | 12.2 — 080/11 

TOOOO| 7II | 10.5 — 090/13 

181700 Sfc| 1014 | 26.6 Roig 360/03 

450| 1000 | 24.2 350/03 


1 Prepared by E. Amman, U.S. Weather Bureau, Honululu, T. H. 
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$70 UPPER AIR DATA 


me Height Pres. (Temp. Mix.R | Wind oe Height Pres. |Temp. Mi | Wind 
181700 4000| 882 | 15.0 | 10.0 050/12 211700 3750| 890 | 14.2 | 10.5 100/16 
4850] 855 | 12.8 9.6 060/09 5500] 834 | 12.9 | 10.2 080/06 
7100| 788 | 13.5 4.0 080/11 6750| 800 | 10.7 9.1 030/04 
9200] 730 | 12.5 2.4 080/09 9850| 714 5.0 6.6 100/09 
10000| 710 | 11.3 — 040/10 10150| 704 7.5 3.0 100/08 
190500 Sic] 1015 | 20.2 | 12.0 250/06 212300 Sfe| 1018 | 23.3 16.0 calm 
500| 1000 | 22.4 | 12.0 230/05 3000| 918 | 17.8 | 11.3 110/16 
5700| 830 | 10.2 8.6 130/09 7300| 787 8.5 7-5 120/07 
6500| 807 | 14.0 3.6 | 120/10 10750| 691 6.4 —-|. 106 
9200] 730 | 12.3 — | 120/06 11500| 672 7-3 — | „210/268 
BOOOO WE 7101 210:5 — | 100/05 220500 Sfe| 1016 | 22.3 | 14.5 | 240/88 
108700 Stalled A 500] 1000 | 22.5 | 14.2 190/05 
Se eee nee ee 
6900 : 8.6 ; ö 
32, ra A LÉ von 6550| 804 9.8 7.8 110/17 
10000! 710 | 11.6 — 100/II SEE Mer A 90/20 
11050| 683 722 1.5 080/19 
200500 SICH TOI5.| 27. : 
3 HS aa oe Lo 221100 SIC|INTO18 1827301724 110/15 
2560| 931 19.2 10.9 060/or 2000| 851 20.8 12.0 120/09 
4000| 885 | 16.6 | 10.6 | 080/09 6600] | 806 8.4 7-7 | 140/15 
7050| 791 | 10.1 8.8 | 110/18 6750| 803 | 10.7 4.0 | 140/15 
7800| 770 10.2 7.6 130/18 by 139 6.3 5:3 120/18 
8250| 756 11.9 > 140/18 11150| 681 8.1 — 090/17 
10000| 7II 11.3 2.0 150/14 221700 Sfc| 1015 | 26.0 | 14.8 120/13 
201100 SteltToss | Peewee. 268/92 2000] 948 | 19.8 | 13.1 110/13 
550| 1000 en un ER 6800| 798 9.1 6.2 130/09 
4000| 885 | 15.7 | 10.7 120/10 7200| 785 9.5 4-7 120/Io 
7950| 766 10.4 9.4 110/11 9680| 718 6.1 — 110/14 
83501 757 | 12.0 9.5 110/11 10950| 685 8.0 — 100/13 
8900| 740 | 11.9 4.5 | 110/10 222300 Sic| 1018 |727.1 |) 7353 18220107 
10000| 712 | 10.2 DAT 110/09 550| 1000 | 23.4 | 14.0 200/03 
201700 Sfc| 1015 | 24.0 | 16.2 | 360/02 3200| | OES) 27-4) |1 22:0) Erg 
1700| 959 19.4 13.1 050/08 3550| 900 14.8 10.2 110/10 
3000| 914 | 17.4 | 12.4 080/13 4450| 873 | 14.5 9.6 110/09 
6000] 822 13.0 388 180/03 8550| 750 5.8 6.5 110/10 
8700| 734 Ve 75112005 8900| 740 7-0 5.3 I10/10 
10000| 710 9.0 3.6 080/11 10440] 699 5.8 — 100/15 
11150] 681 TE — 090/15 
202300 Sfc] 1018 | 22.3 | 16.2 260/02 
550| 1000 | 22.9 | 13.6 020/02 230500 Sfc| 1017 | 20.0 | 14.0 270/04 
5000| 853 | 13.3 8.8 040/15 500| 1000 | 22.0 | 12.8 060/04 
7500] 782 81 7.5 050/08 300014 917. 710.5 ex1.8 080/12 
8250| 759 | 11.8 1.8 050/12 6000] 822 | 10.8 6.1 080/07 
10000| 712 11.4 SE 080/19 6850| 798 8.9 7.8 070/06 
8300| 755 6.9 Tee 090/07 
210500 Sic| 1016 | 21.7 | 14.8 calm 12700| 650 5.4 — 070/16 
E550! 965) || 2055) |) 13.9 360/12 
5250| 833 | 11.3 8.7 080/18 231100 SHG] MNS) || OM || ares 300/04 
8700| 743 7.8 7.9 090/08 600] 1000 | 23.9 | 11.4 330/04 
9300| 726 9.3 2.4 090/12 5000| 856 | 12.4 8.4 090/08 
10000] 709 9.5 LS 090/18 7600| 777 7.8 5:3 090/17 
10500] 695 | 4.9 — | 090/15 
211100 ak ro18 cy 16.0 ae 11800| 663 5.8 — 070/18 
1000 13.4 1220 030/0 
2000| 952 | 20.4 a sue Le re. Br ie 020 
8550| 750 8.4 77 090/17 3000} 917 | 18.2 | 14.6 100/10 
9700| 921 | 11.6 1.9 090/15 2 Nes 8.5 4 090/34 
Iooool 712 | II.I — 090/1 male 8.5 Gr TOO) 
‘ 90/14 10000| 710 GR — 100/21 
211700 Sic| 1015 | 23.9 | 16.3 350/02 232300 Sfc| 1018 | 21.5 10.8 230/09 
970 | PE 1 145 | 080/08 | | 550] tooo | 23.n | 12.6 (ss 
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UPPER AIR DATA SAL 


oe Height} Pres. |Temp. Mix. | Wind ey Heigh«| Pres. |Temp. Mix.R | Wind : 
232300 8450| 753 5.5 6.8 090/21 261100 SicMror/ | 24.0. 16.5 250/04 
8850| 743 8.2 1.8 090/22 1000| 983 | 21.7 | 14.8 120/03 
10850| 689 7.0 — 110/28 4100| 880 | 14.2 | 10.2 100/09 
6000| 821 | 11.4 9.3 110/10 
249500 Sfc| 1017 | 20.0 | 11.7 230/05 10000! 710 6.1 723 140/02 
500| 1000 | 20.5 | 12.0 170/04 
1700| 960 | 17.9 | 11.4 100/04 261700 Sfe| 1014 | 23.3 | 16.0 250/04 
2350| 938 | 18.8 | 11.5 | 140/03 1000| 980 | 21.2 | 14.5 | 230/06 
4600| 864 | 14.0 | 10.1 | 120/06 2000| 946 | 18.8 | 13.0 | 110/09 
10000) 710 6.2 7.9 100/17 4000| 881 | 14.3 | 10.3 100/11 
7000| 789 | 10.6 9.5 070/04 
241100 Sic|srox7, ||P 2720 | er 4.0 080/08 7650| 771 9.8 9.2 020/05 
350|11009; |) 23.5 || LEG 090/07 8300] 750 6.8 6.3 360/06 
2250| 1:942 | 17.4. | 3.5 130/04 10000| 706 6.8 3.6 040/08 
Seo fF 24211352 9.6 330124 262300 SiG] Wohl) ZU || WIS 250/04 
ee es i bes oe, 500} 1000 | 22.3 TA. 220/01 
7 7 45 a FO00 2.9808 2273, || me as! 080/02 
10000| 7II 4.2 5.8 090/16 5000] 852 | 13.6 | 102 080/07 
241700 Sic] stOrO= |e 20.0) | BIS T 120/03 7450| 779 8.7 8.5 330/04 
5950| 823 12.0 8.7 080/12 9200| 730 9.9 1.9 070/06 
10000| 709 77 22 090/15 10000| 709 8.6 — 090/07 
242300 Sic|srouge| 27:4) 873.7 250/05 270500 Ste|2ToT4 720.4 |713.0 250/03 
550| 1000. | 23.3 | 14:0 180/05 450| 1000 | 22.2 | 13.2 240/03 
2000] 950 | 19.8 | 12.4 090/09 1000 M 9502 ez lo lm | 872777 240/02 
3300| 907 76.3 11.2 100/05 2000| 0108) 12.10.02 EL LE7 120/05 
7150| 789 9.3 722 120/11 6450| 806 9.5 7.9 070/02 
8450| 752 9.5 2.5 100/17 6900] 794 9.5 7.4 360/03 
I0000| 710 7.8 2.5 090/23 7250| 783 | 12.5 4.6 360/04 
8900] 736 | 12.0 == 020/06 
250500 SICIETOTON IS £9.77)" Tr.o 240/06 10000! 708 9.5 ex 030/07 
500] I000 | 22.9 | 13.6 270/04 
2000] 949 19.7 TL.3 060/06 271100 Sell rap | ra 13.3 080/09 
5150| 845 12.6 7: 090/14 500] I000 | 24.0 | 11.9 090/06 
8900] 737 9.6 ar 090/12 2950) 916 17.2 10.9 180/06 
10000| 708 7e Det 090/15 6250 az || 12: 9.3 120/16 
7350| 783 |.12.5 6.5 130/12 
251100 Sie] 1017. |,28.2.|7 12.6 090/04 8200| 759 | 11.0 1.9 160/06 
55087000, 1125.2 | Er? 090/02 87000 744 | 11.7 — 200/04 
6450| 811 10.1 8.8 120/15 105501 697 81 er. 210/03 
7900| 770 | 12.9 4.5 110/10 
10000| 7II 8.4 2.4 ogo/II 271700 Sfc| 1013 24.3 16.0 120/12 
77508 O52)" LS.08 272.4 130/08 
251700 Stel#1or4 | 25.0. || 824-0 080/07 4000| 879 | 15.3 | 11.2 130/02 
1Ioo| 979 |- 22.4 | 13.4 080/07 5000| 850 | 14.1 | 10.8 130/02 
3000|, 916 | 19.0. | F173 100/02 9450| 722 BA 7.2 110/05 
6750| 801 12.6 8.5 110/06 9900] 708 6.9 DP 080/04 
10000| 712 EG 2.7 100/10 11700| 666 7.1 ad 080/10 
252300 Sfe|71027 |7 22.9 |) 15-0 |, 010/04 272300 Sfc| 1016 | 21.6 | 15.5 | 240/04 
550| 1000 | 20.1 | 12.7 020/04 3000] 912 | 15.9 | 12.4 120/14 
4000| 882 | 13.6 9:7.\, 350/09 3800| 898 | 14.4 | 11.8 | 130/12 
6000| 821 11:94 2707 080/05 6000] 772 9.1 9.2 150/07 
8250] 745 8.5 8.3 080/09 9300| 727 6.9 8.4 140/08 
9800| 717 4:9) ENG-F" | 5090/75 10950| 684 | 4.8 1.518 100110 
10350| 701 5.3 6.5 080/16 
280500 Stc| 21015. 221.4 |714.8 250/04 
260500 Sic| 1016 | 21.1 | 14.9 | 250/03 tooo] 980 | 20.1 | 12.9 | 210/08 
460| 1000 | 21.3 | 13.8 | 210/02 5000} 850 | 13.8 | 10.5 | 100/07 
1000| 982 | 20.5 | 13.5 120/05 7950| 765 9.2 9.1 230/09 
4000| 882 16.1 12.0 090/18 8850| 738 3.5 3.0 180/09 
TACO 780. | 12.0: 10:3 090/09 10000] 707 3.1 rs 160/14 
7850| 767 7.9 8.6 100/09 
9200| 731 6.1 Hei 110/08 281100 Ste] 2102062 8255 18558 240/04 
10050| 706 2.8 5.1 110/07 500| I000 | 21.3 | 17.9 200/05 


Tellus IX (1957), 4 
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ni Height Pres. |Temp. Mix R| Wind Date, Hight Pres. |Temp. |Mix.R| Wind 
281100 1000| 981 | 20.2 | 12.5 140/08 300500 9200| 730 8.9 ZO 280/09 
3700| 891 | 14.3 | 10.0 120/10 9550| 720 | 10.3 10 260/08 
7450| 780 9.9 8.8 230/08 10550| 691 10.1 — 250/08 
8250| 757 | 11.0 7.9 210/10 
10350| 700 6.5 1.7 190/09 301100 Sic] 1015) | 26:8) 774.3 Be 
450| 1000 | 24.2 | 12.3 110/0 
281700 SHG), anonegy 225750 215.3 260/03 PAGO} CYC) || ZO |) Ua 240/03 
400] I000 | 22.2 | 13.3 220/03 3850| 888 | 16.8 | 10.3 340/11 
4000| 881 | 14.9 | 10.9 110/07 ; 5100] 849 | 17.4 6.8 320/11 
4850| 853 13.022703 210/04 6450| 809 | 13.4 5.1 280/12 
7000| 791 10.8 9.2 320/03 8450| 752 | 11.3 Bei 240/06 
9500| 718 8.0 8.1 230/03 9500| 721 11.5 2.1 210/03 
10000) 708 9.7 1.8 230/04 
301700 Sic} PLOTS 5252.07 RSS 110/04 
282300 SICINTOr4 221.8 | 14.3 240/04 400] 1000 | 23.5 | 11.6 100/03 
460] 1000 | 22.8 | 13.6 170/08 3200] 907 | 20.9 | 10.9 330/04 
5400] 840 | 12.0 9.3 180/03 4450| 875 | 20.9 | 10.3 360/12 
5750| 829 | 14.1 | 10.4 200/01 6400| 810 | 14.0 4.6 010/13 
7000| 791.| 11.6 8.6 360/03 8000] 762 | Ir.o 7.5 360/14 
8150] 759 9.4 rigs 020/02 Ioooo| 708 8.8 1.8 320/08 
8530| 749 | 10.5 | 4.5 | 070/02 
10250] 703 7.9 ta 4 150/04 302300 Sfc| 1015 TO-oH EL 250/04 
500] 1000 | 22.6 | 12.8 230/05 
290500 Sie MOL || Toe || una 250/07 3000] 916 | 16.1 10.4 070/05 
450} 1000 | 22.6 | 13.2 220/05 3650| 895 | 17.5 8.0 040/07 
3000] 915 | 17.8 | 11.0 110/04 5500] 838 | 14.4 4.3 030/09 
6000| 820 | 11.9 8.8 330/07 7350078541 T2;0 766 050/12 
7950| 765 | 11.0 3.4 230/04 8550| 750 9.3 02 040/10 
8550| 752 9.3 5.5 220/05 9350| 728 10.5 2.2 010/07 
8950] 737 9.8 1.8 210/06 10650| 696 9.6 222 330/05 
10150| 706 7.6 — 200/07 
310500 SIC ETOTA 5177240 10:0 220/06 
291100 SIC nous, || Pee, || 06 0 120/08 450|M000 |7 27.22 21773 210/06 
450| 1000 | 23.5 | 11.4 120/08 3450| 901 15.5 8.5 090/04 
3100 2. 9779 0.17.33 E7179 150/06 4000| 883 | 15.6 5.4 040/05 
4850| 856 | 13.9 | 10.0 270/03 7000| 792 II.4 7.5 040/15 
5250| 844 | 14.5 8.7 | 300/03 8450| 750 | 9.0 5-4 | 030/12 
HARD) Fel 0135 4.1 350/04 8900| 737 10.5 1.9 030/10 
10400| 699 = — 210/13 10000] 708 9.1 os 020/07 
291700 Se) 10 || AG pet || ag 120/05 
420] 2000 | a4 | 120 | duos | | 238 | USI) 2680 | 27 | aa eae 
4000] 881 | 16.1 | 11.1 | 310/04 3300| 906 | 16.1 ; Be 4 
6100| 833 | 13.6 | 10.4 | 250/06 6050| 820 | 13. 2 ive 
6900] 792 | 13.4 2.3 240/05 >> e 040179 
7300| 789 | 13.5 4.7 060/12 
8850) 737 9.7 7-5 | 240/03 10000] 711 | 10.3 2.0 | o4o/o2 
9950| 710 9.1 6.1 260/03 e 4 
10850] 687 9.8 1.9 270/03 311700 SHE) MONS || AGES || 2 110/06 
ose R 400] 1000 | 23.8 | 11.5 100/06 
sel | 2900 910 | 16 | 1010] 120j04 
2000| 950 19.6 DAT 160/06 ns ae a > ee 
4000] 883 | 15.3 | 10.2 300/05 pal Wiens ri 7.4 I 
5600| 834 | 12.2 9.0 350/11 u las vies 3-2 050/07 
5900] 824 | 14.5 3.8 360/11 x = Se 4:3 040/23 
10200| 704 8.0 3.0 250/04 10806 me > ea oo 
11100| 681 9.6 — | 180/05 2 TEES =~ |) 2g 
312300 Sfc| 1016 | 20. 11.8 240/0 
300500 SO SLOTS | 5 || os 230/05 450| 1000 Le 12.0 En 
400| I000 | 22.4 | 13.1 210/06 1000| 980 | 21. I 030 
3000| QI I I = 3 30/03 
4 Ti 0.3 120/02 6350| 809 9.3 8.3 070/13 
4600| 861 | 14.0 8.3 010/07 6800] 796 | 14.0 243 070/13 
5500| 835 | 14.9 4.6 OI0/10 7500| 778 | 14.0 — 060/12 
7400027808 7 5.1 320/11 10000} 709 | 10.0 — 060/05 
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PE 


Date/ 
Time 


Nov. 
010500 


OIIIOO 


OII700 


012300 


020500 


02IIOO 


Unreliable 


021700 


022300 


Height 


Sfc 
450 
1000 
4000 
5200 
6400 
7200 
10000 


Sfe 
450 
3850 
5650 
7200 
9750 
10400 


Sfc 
400 
3000 
5600 
6550 
10000 
Sfc 
450 
2000 
4000 
6550 
6800 
10000 


Sfc 
450 
2000 
7100 


7500 
10000 


Sfc 
450 
2700 


8000 
10000 


Sfc 

400 
3000 
5000 
6000 
- 6500 
10000 


Sfc 

500 
1000 
3000 
4000 
5100 
5500 
5850 
6800 
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10—707211 


Pres. 


1014 
1000 
980 
881 
846 
807 
785 
708 
IOI5 
1000 
889 
831 
785 
716 
700 


1013 
1000 
915 
833 
802 
707 
IOI4 
IOOoo 
949 
881 
804 
796 
709 
IOI4 
1000 
948 
789 
HITE 
708 


IOI5 
1000 
922 


Temp. 


CPE REF Rae DACA 


Mix.R | Wind 
9.5 | 250/06 
12.3 180/04 
12.0 140/03 
9.7 120/03 
87 070/10 
287 050/18 
2.5 040/19 
—- 020/II 
12.8 040/08 
12.0 060/08 
10.0 180/03 
27 090/10 
5.1 080/12 
2.5 070/09 
2.3 050/07 
14.1 080/05 
12.8 100/06 
10.7 220/04 
7.8 180/03 
2.2 160/07 
— 090/10 
13.3 240/06 
192 200/05 
11.9 130/07 
10.4 140/09 
8.8 140/05 
2.3 140/04 
— 100/06 
LE: 230/06 
13-7 220/06 
12.7 130/08 
8.3 110/03 
DET 110/03 
= 120/05 
16.2 230/02 
14.2 200/03 
1222 120/09 


temps above this level 


D 


HHRHN 
Onn OWN 
ONNNN ON 


140/06 
150/05 


130/07 
130/09 
140/06 
210/04 
160/03 
110/03 
120/03 


320/08 
230/06 
170/05 
120/05 
280/01 
320/05 
350/05 
010/05 
070/02 


Date/ 
Time 


022300 


030500 


031100 


031700 


032300 


040500 


041100 


041700 


042300 


Heighl 


8000 
10000 


Sfe 
600 
5000 
5350 
6850 
T0000 


Sfe 
3000 
5200 
5700 
6550 

10000 


Sfe 
400 
2000 
3000 
4450 
5900 
8000 
10000 


Sfc 
500 
1000 
3000 
4000 
5500 
5850 
10000 
Sfe 
450 
800 
2000 
4150 
5500 
6200 
7050 
10000 
Sfe 
550 
3400 


5500 
6100 


10000 
Sfe 
450 


Pres. 


762 
708 


IOI5 
994 
850 
838 
795 
799 

1016 
914 
846 
830 
805 
ARE 


1013 
1000 
948 
OT4 
867 
821 
764 
710 
1017 
1000 
981 
915 
882 
838 
826 
four 


IOI5 
1000 
990 
949 
877 
833 
814 
789 
709 
I018 
1000 
903 
840 
821 
713 
IOI4 
1000 
830 
809 
WHA. 
721 
710 
1017 
1000 
950 
838 
817 
799 


Temp. [Mix R | 


12.5 = 
8.7 — 
10:01 |NT0 8 
22:00 E32 
12.0 9.0 
II.0 8.7 
15.0 BS 
9.9 = 
26.5 | 14.5 
WO.2 || wie) 
12.6 9.7 
17.4 2.6 
18.5 = 
7292 = 
20.08 275.2 
23.4 | 13.4 
os || 1283} 
18.0 | 11.8 
Walze ||. Oo 
16.9 DT 
13.7 — 
10.5 — 
2223 E18 
PRO) || - er 
27.8, |) SES 
N || ae 
14.8 10.3 
II.4 9.0 
1720 2.2 
9.2 — 
AL || TO 
20.6 OR 
22h Sma Lins 
UO? || Ho 
wo) || Non) 
12210 10:60 
16.0 2.5 
TOLT 2.5 
9.7 Zr, 
28.1 1248 
A || 2002 
17 OMIS 
13.2 9.3 
17.6 — 
11.6 = 
Preto) || 1 
23.8 13.3 
129 9.2 
15.0 218 
15.0 — 
10.4 — 
10.4 — 
22208 01552 
23-2740 
REC) || Ae 
11.9 9.0 
15.5 2.0 
15.5 — 


579 
Wind 


170/09 
140/08 
250/08 
220/07 
030/02 
120/02 
230/04 
150/08 
120/06 
180/02 
180/07 
170/07 
170/07 
120/03 


73100 
130/07 
140/07 
200/07 
090/03 
040/03 
190/03 
310/02 
240/02 
200/03 
170/05 
170/04 
080/02 
030/05 
020/04 
120/02 


240/04 
240/04 
240/04 
150/02 
140/03 
120/05 
110/03 
140/03 
080/02 
110/08 
100/08 
160/05 
210/08 
160/05 
090/04 


140/05 
130/05 
260/04 
310/04 
010/06 
360/07 
340/07 
240/01 
220/02 
100/04 
080/02 
060/03 
040/05 


574 


Date/ 
Time 


042300 


050500 


051100 


051700 


052300 


060500 


061100 


061700 


062300 


070500 


High Pres. 


9800 
10850 


Sfc 
450 
6400 
6900 
10000 


Sfc 
3300 
6000 
6550 

10000 


Sfc 
450 
1000 
2550 
5200 
5350 
7200 
10000 


Sfc 
500 
1000 
3000 
5500 
7100 
9200 
10000 


Sic 
450 
2000 
7000 
7850 
8750 
9050 
10000 
Sfc 
150 
2000 
6800 
8250 
9850 
10650 
Sfc 
2000 
5000 
7000 
10000 


Sfc 
500 
2000 
5100 
DE 
9650 
11300 


Sfc 
450 


Temp. [Mix R| 
FES ||| PLONE — 
639, U TOT — 
17015 220,2 777.8 
1000, 825-0, 013.7 
808 9.4 8.0 
796 | 15.2 5.0 
709 | 10.5 — 
TOLZE N 27250 23.1 
OOF LOL | 11.6 
824 | 12.0 8.4 
807 | 17-1 2.4 
712. | 172 — 
1014 | 25.8 | 14.1 
1000 || 24.0. | 13.1 
980) | 22.6 713.3 
928 19.5 9.8 
845-| 11.5 8.6 
839 | 14.5 9.0 
785 | 15.3 = 
zo || WEES — 
ON || PLOY || nee ysis 
1000, 523.3. | eed 
981. 72126 | 13.4) 
915 16.0 72,2 
838 | 72,2 8.8 
790 13.6 Bal 
7321 _ 
TEL TRE _ 
TOUS 7.19.72 1870.60. 
1000 | 22.6 DIR Z 
949 | 19.9 | 10.7 
792 | 11.0 9.1 
766 | I0.1 4.8 
FAS | 10 17 
734 | 72.0 1.9 
710 | 7110 _ 
7017| -23.0.1210.2 
IOIO | 22.5 | 15.0 
949 | 19.7 | 13.4 
800 | 12.0 8.6 
747 9.9 3-3 
716 9.6 7.9 
695 9.0 4.8 
Temps Unreliable 
1017 2222 16.5 
1000 | 22.6 15.5 
950 | 20.0 | 14.2 
SONT 48 ere 
832 4 sO Oss 
721 7.3 7:4 
678 4.9 27 
LOA BAHN TON 
LOOO || 220,58 014.3 


UPPER AIR DATA 


Wind 


080/06 
090/08 


250/07 
200/04 
070/08 
040/07 
040/08 
160/06 
150/06 
140/09 
100/09 
070/09 
030/03 
060/03 
100/04 
090/04 
190/05 
180/06 
110/08 
070/12 


240/03 
170/02 
090/02 
090/04 
110/05 
130/07 
100/14 
090/14 
240/03 
190/02 
100/01 
130/10 
130/10 
120/10 
100/11 
090/14 


320/04 
350/03 
100/05 
140/08 
140/10 
100/13 
090/12 


140/02 
080/09 
120/06 
220/06 
090/09 


260/02 
210/03 
110/09 
110/13 
130/09 
070/09 
070/11 


240/02 
200/04 


Date/ 


: Mix.R | Wind 
Time 


High Pres. |Temp. 


070500 3000| 975. 217.4 [712,5 090/15 
730012782 021.7 9.9 100/06 
10000| 709 6.8 A 070/04 


071100 Sic} LOoT7.| 25,3. 777.0 070/02 
2750| 2924 |.:77.22 27786 070/10 
6350| 813 | 12.6 97 010/07 
6950| 797 9:2 8.0 010/08 
7550| 779 | 10.7 8.8 030/08 
10200} 704 5.6 15 060/14 


071700 Sic} TOTAN 1723.06. 7 175.5 360/04 
700| 994 | 22.6 | 13.2 010/05 

4750| 859 | 13.3 TO:2 020/14 

6250| 813 12.2 9.5 020/17 

7200| 785 10.4 6.5 030/15 

8200] 756 | 10.6 1.9 040/14 

10350} 698 9.3 — 060/17 


072300 SICINTOTO | Vie tains at 260/03 
500] 1000 | 23.3 | 14.5 310/04 

Iooo|l 981 2222 13.9 360/05 

5700| 832 | 11.2 9.5 050/15 

7750| 771 9.3 9.3 | 060/22 

9200| 731 7.5 1.7, 060/17 


I0000| 708 6.2 — 060/14 
080500 SiC] 2707021 220.05 0123 250/04 
500| 1000. | 22.0. |713.2 300/04 


4000| 881 15.3 10.7 060/09 
7600| 773 8.3 8.5 070/23 


9200| 730 5.3 i, 080/20 
11300| 682 7.8 — 080/15 
081100 Sfc| 1018 | 28.3 | 10.8 100/08 


4000| 887 | 17.4 | 10.0 110/09 
5950| 824 | 12.0 9.9 080/16 
6350| 813 13.3 10.2 080/17 
8000] 766 | 13.0 3.0 080/18 
10500} 700 | 10.0 1.9 070/21 


081700 Sfe| 1015 | 26.7 | 13.4 120/04 
5900| 824 | 12.1 8.9 090/12 
7250| 800 | 13.6 3.6 090/14 
8800| 742 72,2 2.6 090/19 


10000) 7II | 10.3 3.6 090/17 
082300 Sie 7TorS. 22/0 rs 200/02 
300| 1008 | 22.8 11.5 210/03 


2050| 948 | 20.5 | 10.6 210/05 
5000| 853 14.8 9.8 100/09 
7200| 788 | 14.4 9.1 090/20 
7100108778 0106 0 8.0 090/20 


10000| 712 8.7 4.2 110/18 

090500 Sic| to15 | 27.6 | 12.6 200/03 
500| I000 | 22.1 12.4 200/02 

5050| 850 | 13.5 | 10.8 Calm 


9400| 723 6.7 8.2 120/06 
Winds unreliable, temps unreliable 
above this level 


O9IIOO Sfc| 1018 | 28.2 | 13.7 110/05 
550| 1000 | 25.0 | 12.4 120/08 

4000| #887, | $15.60] eo 140/13 

5850| 828 | 13.7 9.0 120/16 


Tellus IX (1957), 4 


de RÉ GGG EEE 


Date/ 
Time 


O9IIOO 


091700 


092300 


100500 


IOIIOO 


101700 


102300 


110500 


IIIIOO 


Height Pres, 


SES ES EE EEE EEE eee 


UPPER AIR DATA 


Temp. sis. | Wind 


7300| #787. 12.7 2.4 
I0o000| 713 8.9 2.5 
sfc} tor4 | 25.5 | 15.3 
450| 1000 | 22.6 TS 
4000| 882 15.5 8.8 
5850| 823 | 11.6 TR: 
7550| 776 9.5 7.5 
9200] 730 9.8 2.4 
10000| 708 8.8 22 
STEIF TOL7. | 27.720 13.6 
500| 1000 || 27.8 | 13.2 
3000} 915 | 18.0 | 11.8 
7000| 792 | 11.8 9.8 
8900| 740 9.0 8.9 
10650| 694 6.6 6.9 
Temperatures unreliable 
ofc] ror4 | 20.37 | 13.8 
450] 1000 | 22.0 | 14.4 
1000| 981 21.0 13.6 
3000 2975| 20.7 |, 11.2 
5650| 831 177 8.3 
6450| 807 | 13.0 3.0 
9539 272° 7-3 1.5 
11050| 683 7.0 223 
Sfc| 1016 | 26.3 12.9 
4000| 883 14.8 9.8 
4850| 858 | 12.7 9.3 
5500| 837 | 17.2 2.3 
6800] 800 15.9 — 
8550| 750 | 12.8 — 
10000! 7II 10.0 2.6 
SIE TOT2E 24 0112 0 
1000| 980 | 21.3 Là 
4000| 879 13:3 9.8 
4550| 862 | 12.0 9.5 
4950| 849 | 16.1 22 
6650| 799 | 15.0 = 
Ioooo| 708 9.1 T, 
Sie 1014, |, 21. | 17.9 
450| 1000 | 22.6 | 11.8 
3000| 9I4 16.4 10.0 
5300] 840 | 10.7 8.7 
5700| 829 | 16.5 6.0 
6450| 805 | 16.7 — 
10000! 709 9.8 2.3 
Sfc| 1014 19.0 9.9 
800} 988 | 21.2 10.0 
4000| 881 7372 8.7 
5400| 838 | 9.7 | 8.1 
5900| 820 | 17.0 2.5 
10000| 707 8.7 = 
Sie EroT5 128.0, |. 10:8 
450| 1000 | 24.0 9.5 
3000] 915 | 17.2 9.1 
5350| 840 | 10.7 8.7 
6050| 818 | 17.6 = 
I10000| 709 8.5 1.9 
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110/17 
110/16 


150/05 
150/07 
140/13 
120/10 
120/14 
110/17 
110/17 


090/02 
110/04 
200/06 
120/17 
120/15 
100/12 


270/03 
200/04 
120/06 
100/12 
100/10 
110/08 
120/11 
140/09 
120/10 
190/10 
170/09 
150/10 
120/12 
110/07 
100/12 


120/09 
130/15 
200/09 
180/09 
170/09 
I1O/II 
110/07 
200/04 
190/05 
160/10 
140/06 
090/04 


090/04 | 


100/06 


210/02 
190/05 
160/14 
140/08 
110/05 
100/06 


120/06 
130/07 
170/09 
160/06 
110/04 
090/06 


378 
pete) Ircient Pres. (Temp. x. Wind 
111700 Sie Tk 7.2546 812,2 120/08 

2000 52947 |#.20:3. 2703 150/12 

5250| 840 | 11.5 8.8 200/09 

5700| 828 | 11.5 8.9 250/08 

6S00 || ee 22 360/05 

6750| 798 | 15.3 u 020/04 

10000| 708 8.6 Zar 110/08 

112300 SIC|RTOLON tora | mero 220/05 
5005100027 27.7. 9122 200/08 

2000] 948 | 18.4 | 10.9 150/15 

4250| 875 | 13.6 9.2 190/12 

4800| 857 | 16.1 3.9 160/07 

6550| 804 | 16.7 — 060/07 

10000! 710 9.3 1.8 030/11 

120500 Sue] tore || 70 || 1612 220/05 
500] 998 Ai 72 210/05 

3000] 914 | 15.3 9.4 190/03 

5600] 831 9.0 Ho 030/06 
53501,525, 0.132 6.7 360/03 

6900| 794 | 14.4 22 080/05 

10000| 708 | 10.2 — 110/09 

121100 Stel 101774 | 28:25 10. 140/04 
550] 1000 | 26.6 9.1 160/06 

2000| 950 | 22.2 8.7 180/09 
12500772) 7 8.1 190/06 

5150| 850 | 15.0 5.0 100/04 

6700| 804 | 17.0 — 050/06 

CCC) az || re) — 090/06 

121700 Sic TOTER 925.65 ex.s 110/04 
2000| 950 | 20.4 | 12.0 120/07 

4000| 883 | 15.7 | 10.5 240/03 

5550| 835 | 12.0 9.4 | 320/03 

5850| 827 | 14.8 RH 360/05 

7150| 788 15.2 — 030/10 

10000| 710 | II.3 — 070/09 

122300 Sic] LOLs 183 10.0 230/05 
500] LOOO) | 22.0) |. 1273 210/06 

3000| 915 | 206.7. || 21.3 140/07 

3850| 888 | 15.0 | 11.0 110/01 

5250| 845 16.3 2.5 020/02 

7000| 794 | 14.9 = 070/14 

TOOOO 732 Er — 070/16 

130500 Sie Lory 071092 9.6 250/05 
500| 1000| 22:0. 772.2 210/04 

280010.9224 277.85 913.0 150/05 

5000| 852 13.5 9.8 090/04 

5500] 838 | 17.0 2.5 100/05 

8000] 766 14.6 2.4 070/15 

10000] 7II | 12.0 = 080/11 

131100 Score || Aone || 2:0 060/07 
400| 1007 | 24.1 11.9 070/07 

3250| 910 | 16.3 | 10.9 190/04 

3950| 885 | 16.0 9.9 310/03 

4500] 869 | 18.7 2.8 350/05 

7000| 795 | 15.3 ee OV Olt 

Ioooo| 714 | 11.4 22 070/12 

131700 SICIMTOLO | 25.2 13.9 080/04 
2000| 949 | 19.3 | 11.6 330/01 


576 UPPER AIR DATA 


Date/ ; | ; : Date/ ; ; r 
Tine High Pres. |Temp. Mix. | Wind Te Height] Pres. | Temp. |Mix.R| Wind 
131700 3550| 898 | 15.0 | 10.5 360/06 152300 4400| 874 | 15.3 | 11.8 090/06 
4350| 872 19.0 3.5 030/09 6900| 797 12.5 10.0 090/13 
10000| 712 | 11.6 23 070/17 7300| 785 | 12.7 8.0 090/14 
132300 StCETOrS2 20:08 TT 250/05 Pope ee eee ne a 
550 E10009 22277257279 300/04 2 73 3 43 Bede 
3650| 896 | 15.0 | 10.7 060/10 EST co $3 Seh 
A400 05.8720 107.728 gel 060/11 160500 Sicitror 1720.72 13:3 270/05 
8200| 760 | 13.0 5.7 060/15 500| 1000 | 21.8 | 13.5 220/04 
9050| 738 10.9 6.2 060/18 2000| 950 19.4 12.5 100/08 
(3370)| 685 8.7 5.7 070/19 6800| 799 | 11.4 9.6 090/II 
7350 087808 1.187 8.9 090/12 
140500 Sie) HO | ag | ir! 240/03 
500| 1000 | 22.0 | 13.0 270/07 9350| 7201210 I 200/18 
5350| 842 | 12.1 9.8 060/12 er a I 190/07 
5700| 831 14.7 9.2 050/10 161100 Sfc| 1018 | 27.5 16.2 150/09 
7000| 794 | 13.6 5.0 060/12 2450| 936 | 19.5 | 13.3 140/06 
8150] 762 | 10.5 7.5 050/14 5150| 850 | 15.1 11.3 150/09 
10000] 7II | 8.1 Gex 070/14 6250| 815 | 15.3 8.7 120/08 
141100 SICINTOTON 1520: 14. O40/1 ban We EEE ar zo 
, 550| 1000 se he ue ae D 25 Se OQIES 
5000 MOT ek 7-3 | 020/04 161700 Sic\fTorO 12 25.35 7635 120/04 
5800| 829 | 12.5 | 10.3 040/12 1000] M 987.17 22524 2143 140/07 
6250 BEST. META ro, 040/12 4000| 884 | 15.4 | 11.3 140/02 
10000| 713 9.7 63 070/17 5150| 848 12204102 100/06 
826 | 16.1 6.7 090/13 
141700 SIE ETOLSE 25.72 ITA 360/14 928 
3350| 006 | 18.3 | 13.6 050/13 7000| 794 | 15.2 4.0 070/12 
5900| 824 | 12.3 | 10.4 050/17 10000| 7II 8.9 3.5 070/10 
6350| 812 12.3 10.6 050/17 162300 Ste 1019. | 215 13.9 240/03 
8000| 764 | 10.3 9.2 060/14 400| 1000 | 23.0 | 14.1 230/03 
9300| 730 8.7 8.0 070/19 2000] 951 ie 12.0 120/06 
11500| 674 8.5 4.8 070/25 4700| 866 | 15.2 ties 090/03 
142300 S1C| LOLS | 2250 15.5 270/01 Be RE ot BRS 090/02 
550| 1000 | 22.7 14.6 300/04 5850| 830 | 15.2 6.9 090/08 
3000| 918 | 17.8 | 12.3 070/09 6250| 818 | 15.8 5.0 090/12 
5850| 827 | 12.2 10.0 060/08 735007 29, 5:5 080/19 
8250| 759 10.3 71 080/21 10000| 714 9.8 3.0 090/10 
10250| 705 9.6 4.8 060/25 170500 Sfc| 1018 19.7 2 240/04 
150500 Svc] TORO, || Bitar 1277 250/04 SOS EEE 137 200/05 
500] 1000 23.5 15.0 190/04 2000] 950 19.9 12,2 140/08 
2000] 950 21.0 197 110/10 a 16.0 5 120/06 
5000] 853 | 15.7 DENT 080/06 4550| 268 de 7: 120/07 
7050| 790 | 12.1 9.6 090/17 7550118720 [24:3 4-3 100/17 
7850| 769 | 12.3 7.8 090/25 N 7 3:4 120/05 
10650] 695 7.5 6.2 090/18 171100 Sfc| 1020 | 28.1 12.5 190/01 
11000! 685 8.7 4.9 090/16 3200| 912 | 17.5 10.5 160/07 
151100 Siel 1018 || 27.8 | 14.6 |, 120/64 a A POS | 3.8.17 220/08 
550| 1000 | 25.0 | 12.3 | 130/04 5000| 855) | 12:6 3.3 | 120/07 
4000| 885 | 16.0 | 10.3 140/08 6150| 820 | 15.6 6.4 120/08 
9350| 732 5 4.5 080/16 7300| 788 15.0 3.8 120/10 
10250] 708 9.4 4.7 | 070/11 FCO th Bie 95 2.5 | 090/08 
151700 Sfc| 1015 | 26.1 | 16.2 | 160/03 171700 Sfc| 1018 | 26.2 | 14.3 | 110/05 
450| 1000 | 23.9 | 14.2 150/03 550] 1000 | 23.5 | 13.6 130/11 
4000| 884 | 17.2 | 11.6 | 080/04 3600| 897 | 16.6 | 12.0 | 180/06 
5700| 830 | 13.8 | 10.4 | 080/13 4600| 866 | 18.1 3.8 | 160/07 
6650] 801 | 13.8 9.5 080/13 6900| 799 | 16.6 4.1 120/12 
9600| 722 | 10.8 4.8 090/18 10850] 692 | 11.0 — | 070/08 
10850| 690 74 5.3 | 090/15 172300 Sfcl 1020'| 2110/0735 5110220108 
152300 SHE] Uo || 2a© |) wag 250/04 A060), 1006| = 2220" |" 220/05 
550] 1000 | 24.0 | 14.4 210/05 2000| 952 | 18.8 | 12.0 120/07 
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UPPER AIR DATA 


De Height| Pres. |Temp. Mix.R| Wind 
172300 4450| 872 | 13.8 | 10.5 090/05 
5100] 852 | 17.8 4.0 090/05 
9800| 720 8.5 3.5 090/13 
11050| 687 9.1 1.9 090/14 
180500 SieKTorg |7204 | 13.0 270/04 
8001640924 627.7: U 13.1 270/05 
2000| 952 | 19.3 | 12.5 070/04 
4350| 873 15.5 10.8 120/09 
6150| 820 | 15.5 4.9 110/04 
9850| 718 7.5 3.9 100/12 
11500| 674 8.0 2.0 090/14 
181100 SCO 01 |027:2, |e re 0 130/10 
2000| 952 | 21.3 | 12.1 180/09 
4250| 880 | 16.0 | 10.6 160/07 
5550| 838 | 17.1 5.1 150/07 
9150| 737 9.6 3.8 110/Io 
103501 703 | II.o 2.1 100/10 
181700 Sfc| 1015 | 26.5 | 15.8 110/06 
450| 1000 | 24.0 | 15.0 120/07 
3000| 915 /|/ 19.0°| 12.8 190/05 
5000| 852 IST Ti 160/06 
5450| 838 16.3 4.9 150/06 
8750| 759. 7 12: 4-5 120/05 
9450| 726 | 13.2 2.3 100/07 
11650) 670 8.8 3.3 090/10 
182300 SIE LOLS |N20.7 DST 230/06 
400| 1004 | 21.8 | 12.7 210/04 
413501074118 19:0: | 12:0 
4950| 855 | 17.2 7.3 Winds 
7700 774 | 13,0 3.5 Missing 
9500] 726 10) 2.0 
12050| 662 5.5 20 
190500 Sfc| 1015 100022 170/05 
E250 O75) [02523 73.1 180/10 
2000) 949 19.9 12.8 180/13 
51500 8472| 13.7.| 11.5 140/11 
5550| 833 16.0 | 10.0 150/10 
T2ZON TOT NW) 74.2 2.9 110/06 
8800] 742 13.9 25 120/10 
11300| 678 79 2.4 130/07 
191100 Shiel| aeueg? |) Age2 |) argo) I10/10 
500] 1000 | 24.8 | 12.6 120/11 
BESO SSO) |e 70:22 iL. 2 170/10 
4250| 852 | 18.2 3.6 190/10 
7500| 781 | 14.0 3.3 200/06 
7950| 765 | 14.8 PED 170/10 
IOOOO] 714 | II.I 2.8 150/07 
191700 Stel 20174 |) 20:7. | 74. 100/07 
450| 1000 24.0 13.0 I10/10 
To00 OCT 2277027 130/13 
4450| 868 | 15.2 | 11.2 230/06 
4850| 853 78:02 01223 230/07 
6000] 822 | 17.7 2.6 170/07 
8000| 765 | 15.2 2.6 190/09 
9000| 737 13:0 27 270/02 
10950| 686 8.8 5.6 260/04 
192300 SiGe 1010. 7.202, |77227 190/02 
300] 1006 | 23.0 | 14.0 180/03 
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Date/ 
Time 


192300 


200500 


201100 


201700 


202300 


210500 


211100 


211700 


212300 


Heisht 


3600 
5300 
7000 
10000 


Sfe 
450 
2000 
4150 
5550 


1390 
10000 


Sfc 
1000 
2950 
5000 
6450 
8000 

10000 


Sfc 
1000 
4100 
4700 
6150 
7150 

10000 

Sic 

500 
2000 
3850 
47590 
8000 

10000 


Sfe 
450 
2000 
3950 
6150 
8000 
10000 


Sic 
I000 
4500 
4900 

10000 


Sfe 
400 
1500 
3850 
4450 
6500 
10000 


Sfe 
1000 
5050 
6600 
9000 

10000 


Pres. 


897 
844 
795 
713 


Temp. [Mix.R| 


EAN O6 
OS 5.6 
16.1 5.3 
10.4 5.7 
1 || oz 
22,8 0.7128 
uO || HO 
14.9 9.9 
19.1 —— 
15.6 2.4 
10.5 Zen 
26.8 13.6 
BALA WANT 
18.1 11.9 
15.4 6.3 
18.0 — 
14.8 283 
10.5 1.9 
26.5 | 14.5 
2330 |972:5 
16.5 11.4 
1725 LA 
15.5 7-4 
16.4 2.4 
12.0 2.5 
19.1 Wik) 
22.5 12.8 
20 || 120 
120.77 || 2ER 
18.9 4.4 
14.4 2.4 
10.7 DET 
18.0 9.0 
22108 0 212. 
18.8 10.5 
ne) || ns 
15.5 2.0 
12.0 2.4 
9.5 <i 
27.3 | 13.4 
238 11.6 
14.5 10.0 
18.8 2 
11.5 — 
26.1 ma. 
24.2 12.0 
21.8 11.9 
16.0 11753 
19.5 9.4 
16.2 2.9 
10.7 2.0 
23.0 13.6 
20.5 12.5 
10.7 9.1 
13.9 2.5 
10.9 1.8 
9.8 1.5 


ST, 


Wind 


200/02 
180/04 
180/07 
060/01 


230/04 
210/05 
160/09 
180/01 
180/01 
150/04 
030/03 
070/04 
110/07 
090/02 
020/04 
090/05 
170/08 
130/04 


130/07 
150/15 
280/07 
330/08 
360/09 
040/06 
100/03 


230/06 
210/04 
160/02 
140/04 
130/04 
090/09 
040/03 


240/05 
210/06 
160/08 
140/06 
120/06 
120/10 
100/04 


150/06 
150/14 
190/10 
180/09 
070/05 


130/07 
140/10 
150/14 
270/07 
300/05 
100/05 
250/02 


230/02 
160/05 
170/03 
140/02 
250/02 
080/02 


578 


Date/ 
Time 


220500 


221100 


221700 


222300 


230500 


231100 


231700 


232300 


240500 


Height Pres: 


Sfc 
400 
1500 
4950 
5400 
6750 


10000! 


Sfc 
5000 
50) 
7600 

10000 


Sfc 
3000 
4950 
5550 
9000 

10000 


Sfc 
450 
2000 
3000 
4100 
4800 
6000 
10000 


Sfc 
500 
3000 
4700 
5600 
10000 


Sfc 
2000 
3000 
3850 
4250 
8500 

10000 


Sfc 
1000 
2000 
3400 
5050 
6000 
8000 

10000 


Sfc 
500 
3000 
4200 


2990 
10000 


Sfc 
450 
2000 


4550 
5600 


LOE 
1000 
914 
850 
839 
798 
709 
1014 
851 
833 


774 
710 


1012 
913 
851 
836 
735 
708 


1013 
1000 
948 
914 
878 
857 
820 
799 
IOI2 
996 
912 
859 
831 
797 
1016 
947 
914 
887 
875 
749 
710 


1013 
980 
947 
900 
849 
819 
763 
708 

1017 

1000 
916 
878 
845 
Faut 


1016 
1000 


949 
867 


833 


Temp 


20.8 
22.5 
20.2 
12.0 
16.5 
16.0 
10.4 


27.8 
13.2 
12.8 
14.8 
11.5 


25.4 
17.9 
13.5 
16.4 
WG 
10.7 


20.6 
22.0 
18.1 
17.2 
15.0 
1733 
15.7 
10.3 
18.0 
22,3 
17.0 
Tez 
15.1 
TOW, 


2722 
19.8 
16.9 
14.5 
15.5 
12.5 
10.0 


25.6 
22.5 
20.2 
16.9 
13.0 
14.0 
12.0 

9.2 


19.0 
289 
16.6 
14.1 
16.0 
10.3 


17.8 
22.6 
19.2 
13.9 
150 


D'PRERPATRED ASIE 


Wind 


250/05 
230/06 
190/08 
150/04 
180/03 
250/04 
360/06 
100/08 
240/03 
290/04 
320/09 
040/09 
130/09 
220/06 
oIo/II 
010/12 
040/06 
360/10 


220/06 
200/07 
170/08 
230/04 
360/06 
020/09 
0506/10 
030/04 
230/04 
210/07 
090/03 
040/05 
060/05 
340/05 
110/12 
130/05 
270/03 
330/04 
360/04 
060/06 
020/08 


070/04 
020/08 
130/06 
210/11 
290/10 
040/14 
080/09 
040/11 


240/05 
210/05 
170/04 
320/03 
050/09 
070/14 


240/05 
240/04 
110/03 
080/05 
050/07 


Date/ 
Time 


240500 


241100 


241700 


242300 


250500 


251100 


251700 


252300 


260500 


261100 


261700 


Height] 


7000 
10000 


Sic 
7150 
7500 
8900 

10000 


Sfc 
5900 


7450 
10000 


Sfc 
1000 
2000 
7300 


7759 
10000 


Sie 
55° 
2000 
6500 
8050 
10250 


Sic 
600 
3400 
6150 
6900 
8000 
10000 


Sfc 
2000 
7000 
8450 
3330 

Sic 

700 
2000 
5000 
9700 

10400 


Sic 
500 
1000 
2000 
7559 
12250 
Sic 
2000 
6000 
7150 
8250 
10000 
Sfc 
1000 


6450 
7800 


Pres. 


791 
709 
I018 
790 
781 
842 
7.03 
1016 
822 
781 
711 
1019 
984 
952 
785 
774 
713 
1018 
1000 
952 
809 
763 
795 
IOI9 
1000 
904 
820 
796 
765 
713 
1018 
950 
792 


752 
687 


IOIQ 
996 
951 
853 
719 
700 


1017 
1000 
983 
949 
776 
649 


1015 
950 
822 
787 
754 
709 

1014 
981 
806 
767 


Temp. 


Mix.R | Wind 


2.5 050/16 


— 080/05 
13.5 070/01 
7.5 | 090/17 
4.0 100/19 
ZEN 100/21 
2S 110/24 
13.8 110/08 
8.1 090/14 
3.5 080/22 
3.2 080/22 
10.4 240/03 
12.8 240/03 
I 110/06 
73 090/22 
227 090/23 
4.5 100/20 
13.3 | 240/05 
13.3 | 240/04 
D 110/06 
7.6 090/16 
4:3 | 090/24 
5.3 | 070/23 
12.5 160/02 
10.6 150/04 
LOT 120/08 
WP 110/07 
22 080/12 
35 080/23 
5.5 | 080/29 
13 350/02 
1107, 070/08 
7.5 070/12 
— 080/20 
4.6 070/26 
Dar 250/05 
Dar 260/04 
E2.T 100/05 
10.0 090/07 
6.4 070/23 
3.5 | 070/25 
13.0 200/04 


12.3 150/04 
12.0 070/04 
7163 070/10 
8.2 090/10 


3.9 070/16 
19,3 020/02 
11.4 100/07 

8.0 020/02 

7102 030/06 

2.9 070/12 

080/16 


D 170/05 
10.9 130/09 
Zn 130/12 
1.8 130/12 
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Date/ 
Time 


261700 


262300 


270500 


271100 


271700 


272300 


280500 


281100 


281700 


282300 


290500 


Heisht 


8950 
9550 
11250 


Sfc 
450 
1000 
3000 
6450 
8000 


9900 
11900 


Sfe 
900 
5000 
7000 
10000 
17000 


Sfe 
4000 
7000 
8000 

10000 
14000 


Sfc 
400 


4500 
11150 


Sfc 
3000 
8000 

10000 
12550 


Sfc 
300 
7000 
9050 
14450 


Sfc 
1000 
5350 
7000 

10250 


Sfc 
3000 
6000 
8350 

11200 


SHC 
1000 
8000 

10500 
14000 


Sfc 
350 
2050 
12200 
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Pres. 


737 
719 
676 
IOI4 
1000 
983 
915 
805 
760 
710 
658 
IOI2 
985 
849 
790 
706 
543 


1013 
881 
788 
760 
707 
608 

IOIO 
998 
863 
676 


IOII 
912 
759 
725 
642 

1009 

1000 
786 
729 
297 


IOII 
979 
838 
791 
700 


1009 
910 
818 
759 
676 


1014 
980 
762 
695 
608 


IOI2 
1000 


943 
650 


Temp. 


Mix R | 


WP DEIR eA ReaD ANA 


Wind 


130/13 
130/10 
090/08 


110/03 
140/06 
190/09 
190/18 
180/18 
170/12 
160/16 
160/16 


210/06 
190/13 
180/20 
180/09 
160/16 
130/07 
240/06 
150/23 
160/17 
170/24 
170/17 
170/21 
200/04 
160/10 
180/15 
170/15 
220/07 
160/25 
160/34 
190/17 
210/20 
220/06 
160/19 
180/29 
170/26 
220/15 


180/10 
150/15 
170/20 
180/28 
190/20 


170/14 
170/25 
180/18 
170/22 
190/16 


180/04 
230/09 
160/17 
210/22 
230/19 


Winds 
Missing 


Date/ 
Time 


291100 


291700 


292300 


300500 


301100 


301700 


302300 


Dec: 
010500 


OIIIOO 


Ste 
4150 
4700 

10000 


Sfc 
2000 
6550 
8500 

10550 


Sfc 
900 
3000 
5000 
6000 
7200 
8250 
10000 


Sfc 
500 
3000 
7300 
8050 
10050 


Sfe 
1000 
2000 
4000 
7500 
8550 

10000 

Sfc 

500 
3000 
5650 
7600 
8850 

11050 


Sfc 
550 
1000 
4250 
4900 
10000 


Pres. 


1015 
876 
860 
708 


IOI4 
947 
803 
746 
694 


1016 
986 
916 
851 
821 
685 
654 
799 

1016 

1000 
915 
783 
762 
197 

1017 
981 
950 
881 
780 
749 
7II 


IOI5 
1000 
915 
833 
774 


749 
680 


1018 
1000 
985 
877 
856 
710 


Temp. 


11.5 
San 


Mis.R| 


HH HoH 
AWOGA son“ 
HN ND Gt 


H Gi & à D 


7.8 


HH 
DIDI Dr 
OwWBWORHR OW 


Temps Unreliable 


Sfc 
500 
2000 
3000 
4700 
8300 
8850 
11700 


Sfc 


550 
2000 


6950 


I0I8 
1000 
950 
917 
861 
755 


739 
665 


1019 
1000 
951 
796 


SR 


Wind 


[Heine 


140/09 
190/11 
180/08 
130/07 
170/01 
160/18 
130/20 
130/20 
160/16 


260/02 
210/02 
040/13 
330/07 
250/06 
310/06 
360/09 
350/08 
200/06 
200/05 
100/13 
050/08 
060/09 
060/17 


290/04 
300/04 
080/06 
080/21 
060/08 
070/14 
080/20 
160/03 
150/06 
070/21 
080/10 
080/08 
080/09 
090/18 


270/03 
180/05 
080/11 
070/18 
080/18 
080/21 


230/04 
240/05 
320/02 
050/07 
070/21 
070/26 
070/26 
070/28 


360/03 
030/04 
080/09 
090/13 


580 UPPER AIR DATA 


mee Height| Pres. Temp. [Mix.R | Wind De Height Pres. (Temp. Mix. | Wind 
OIIIOO | 10000] 710 5.5 10677 090/19 031100 | 10050) 709 5.0 5.4 070/09 
10750| 692 5.5 1.5 080/20 10750| 690 4-5 1.5 070/09 
011700 SICIMOTON 025727. 173:6 050/03 031700 Sie KO) Fre |) HO 260/04 
500| Iooo | 22.5 | 12.1 060/05 450| Iooo | 21.I 12.8 320/03 
3400| 903 | 15.2 | 10.3 080/08 1000! 982 | 20.1 1072,92 040/03 
7000| 794 8.8 5.5 090/17 3300] 905 | 15.7 | 10.5 070/12 
9350| 726 | 3.3 | 5.7 | 070/19 7550| 774 | 07:3 | 7.7. | 360j62 
9950| 7II 5.0 BT 070/20 8550] 748 9.2 2.0 030/03 
13500] 621 0.2 — 040/15 10000| 709 6.5 = 050/06 
012300 SIC rosa TS || 28 270/06 032300 SICIREOT/ ET35, 2 260/02 
550| 1000 | 19.5 | 12.0 320/06 500] I0o00 | 21.0 | 11.9 320/04 
1000| 984 | 18.9 | 11.8 070/06 3000| 915 | 14.8 9.5 040/07 
2050| 948 | 16.6 | 11.3 070/14 ae | Aes 8.4 030/05 
2250| 94I DAS Le 080/16 4450| 868 12.5 Hoi 010/06 
4000| 834 | 14.7 | ıo.1 100/21 6700| 788 ET 4-3 030/10 
6000| 8227 711.2 8.8 070/13 7650| 772 10.3 1.8 050/07 
9500| 722 5.3 6.8 070/14 10000| 708 6.5 — 030/05 
13200] 628 0.2 1.4 | 070/20 040500 Sfc| 1015 | 16.0 9.7 | 270/05 
020500 Sug) mor || Aye || ales 070/08 600] 996 | 20.2 10.5 300/03 
3001007 18224524 070/08 2000} 949 | 16.7 9.5 070/02 
3000| 916 | 15.6 9.9 050/14 5000| 850 9.7 6.9 060/09 
5600| 833 9.0 7.9 030/07 6650| 799 6.0 5.6 050/08 
6900| 793 ET, 7.4 060/09 7400| 778 8.0 107 060/07 
2 ae 8.8 6.1 N 10000| 707 4-5 — 050/06 
10600 94 2.0 5.3 090/09 
se 675 | 30| 26] co] | Te? IT 
021100 SIC|ETOL3E || AAG || nae 090/10 2000] 948 17.0 9.5 050/03 
550| 1000 | 22.5 10.9 080/10 3200| 910 | 14.6 9.0 050/05 
2000] 950 | I9.0 | Io.1 080/11 7150| 788 7.6 6.7 030/11 
4000] 882 | 13.9 9.1 090/08 7850| 767 9.5 4.0 040/12 
ae ste 9.0 be 120/03 10000] 708 5.3 — 060/07 
9600] 71 ; ; 180/0 
rosso] O87 | ail. 6 | mer | || ee IEESNS 
021700 SIC|IRTOTO 1222200 | mean 070/07 5850| 823 8.9 7.0 Se 
1000| 984 | 20.3 12.3 070/12 8050| 760 8.6 3.9 070/II 
2 a 3 ee 10000| 707 4.8 — 360/06 
o150] 4720 | 184 | 703. | soofoa | | 2° | pec} 1654 (ley ee 
10150) 703 4.6 1.5 | 070/04 2000| 949 oe oe oe 
022300 Sfe| 1013 | 20.2 13.5 250/06 7000| 792 72 6.5 060/15 
550| 1000 | 20.0 | 13.0 170/04 8200| 855 4-4 5.8 070/13 
1000| 983 292 102,7, 100/05 8650| 844 6.7 2.0 060/09 
3950 oe 14.0 | 10.9 080/18 I0000| 709 4.1 — 100/02 
4450 IKT, à 080/2 
812 re = roe es Hore ae en 279195 
9350| 726 4.6 6.9 140/06 NE ee a ae ZA 
III50| 679 | 2. 3.9 | 100/05 7000 er 8. aa ees 
030500 Sfc| 1017 18.9 12.5 270/05 11800 661 Ex 5.4 an 
2 3 350/09 
1350| 970 | 18.3 12,3 100/06 120001 656 |— 0.1 2.6 330/09 
000 I 15. DENT 
ee = Re Se SE 051700 ; Sfc ee 224 13.9 270/04 
Soool 764 71 En 000105 000 Ga 18.9 DE 320/06 
le. <a Be: re 4000 2 14.0 9.6 080/15 
10450| 695 5.6 167 050/04 ae Er 4 ay ee 
031100 Sfc] 1018 | 21.5 13.9 290/06 060500 Se as 17.8 En a 
1000| 984 | 19.7 | 11.9 040/02 500} 1000 | 20.9 12.1 on 
2000| 951 7729, WETTE 080/04 2000| 949 | 17.3 | 10.5 040/08 
5000] 852 | 12.0 9.1 080/13 5400| 840 9.1 6.7 070/06 
6100] 819 9.8 8.4 070/08 7500| 776 8.8 2.2 ooo 
9100| 732 5.5 7.4 070/10 I0000| 707 4.4 4.5 100/08 
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Photographic Cloud Observations” * 


I. Introduction 


Lapse-time photographs of clouds over the 
saddle area between Mauna Loa and Manua 
Kea and the northeast coast of the Island of 
Hawaii were taken during “Project Shower”, 
from 21 October to 4 December 1954. The 
purpose of the photographs was to provide a 
continuous daytime record of cloud conditions 
over these areas. The camera site was located 
about 30 miles from the coast at 9,000 feet 
above sea level on the northeast slope of 
Mauna Loa (see Location Map). 

Two 16 mm movie cameras, adapted for 
single frame operation, were used. The 
cameras were housed in small shelters mounted 
several feet above the ground on pipes. A 
clock, similarly mounted, was placed such 
that it appeared in the pictures of both cameras. 
Each camera was equipped with a small 
battery operated timing unit which triggered 
the shutter once every two minutes. 

One of the cameras was directed toward an 
azimuth of 20 degrees such that the summit 
of Mauna Kea was just included in the left 
border of the pictures. The second camera was 
directed toward an azimuth of 60 degrees. The 
combined fields of view of the two cameras 
covered about 80 degrees of the northeast 
quadrant. 


2. Summary of Observations 


Data were obtained on most days of the 
project period although numerous interrup- 


1 Prepared by L. E. Eber, present affiliation: DASNESR 
and Wildlife Service, Stanford University, Palo Alto, 
California. 

2 Published with the approval of the Director as Tech- 
nical Paper No. 246 of the Pineapple Research Institute 
of Hawaii. 
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tions of the record occurred due to operational 
difficulties. In condensing the information 
contained in the films, primary emphasis was 
given to describing variations in the windward 
orographic cloud, one of the principal objects 
of investigation in Projects Shower. Certain 
dimensional characteristics of the cloud, chosen 
to reflect these variations, were assigned 
arbitrary ranges of values intended to serve 
as indices of relative development. 

Secondary orographic cloud types, which 
occurred less frequently but nevertheless 
exhibited interesting characteristics are not 
described here. 

Normal conditions were interrupted during 
the period 27—29 November by the occur- 
rence over the Island of an upper cold low, 
locally termed a “Kona” storm. The photo- 
graphic observations were too sparse to afford 
a good description of the complex array of 
clouds present on those days. 

During trade wind conditions an orographic 
cloud normally appears over the windward 
slopes of Hawaii, extending frequently into 
the saddle between Mauna Loa and Mauna 
Kea. Vertical development was usually limited 
by a temperature inversion. Variations in the 
depth and horizontal extent of this cloud are 
closely related to rainfall over the area. 

Only the westward (leeward) portion of the 
orographic cloud appeared in the field of 
view of Camera I covering the saddle area 
and Mauna Kea. Three characteristics of this 
portion of the cloud were recorded; the 
intersections of the upper and lower cloud 
boundaries with selected topographic features, 
and the westward penetration of the cloud 
into the saddle. 

Each of the topographic features used in 
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Fig. 1. Vertical cross section through camera site and Position 6. Projected loca- 
tions of Positions 1 to 5 are also indicated, along with possible cloud sections for 


various base and top positions. 


Top Boundary 


„Cloud Top Boundary - 


- Type! 


Type 2 


Top Boundary - Type 3 


Cloud 


Top Boundary - Type 4 


—Horizon 


Land Profile 


Fig. 2. Cloud classification system for Camera II. Land profile and the horizon are 
shown as they appear in the photographs. Description of cloud types is given in the 
text. , 


connection with upper and lower cloud bound- 
aries was assigned a position number in the 
range from o to 6. Fig. 1 is a vertical cross 
section through the camera site and position 6, 
showing also the projections of positions I—5 
onto the cross section. Position 0, not shown 
in the diagram, was used to indicate cases 
where the line of sight angle between the 
camera and the cloud base was below that to 
position 1. 

The westward penetration of the cloud into 


the saddle was recorded on a scale of I—5 in- 
dicating the distance across the frame, in 
fifths of the frame width, reached by the 
westward cloud boundary. At the center of 
the saddle the camera’s field of view subtended 

a horizontal distance of about s miles. 
Orographic cloud conditions toward Hilo, 
as recorded by Camera II, were classified into 
seven Types. With the exception of Type 6, 
the type numbers simply indicate relative 
degrees of development as determined by the 
Tellus IX (1957), 4 
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Table 1. Photographic Observations of the Orographic Cloud over Windward Hawaii and the 
Mauna Kea—Mauna Loa Saddle 


Saddle Area (Camera I) Toward Hilo (Camera Il) 
Period of Position West- Period of Move- 
Tas observation | of ward observation Cloud Ea 
Sparen ee | doe ess ER from 
From To | Top | Base x From To 
Octs 25 14.10 14.25 6 fo) 5 13.30 14.50 I = 
14.25 16.00 4 I 5 14.50 17.30 2 — 
16.00 16.20 4 fe) 5 
OcE 22 At 10.30 4 2 2 10,00 13.50 2 — 
Oct. 23 11.25 15.00 3 I 10.30 16.30 2 — 
15.00 15.30 4 3 2 
Oct. 24 10.45 11.30 4 I 5 14.00 16.00 3 S 
11.30 12.25 3 2 5 
12.25 13.15 6 2 5 
13.15 14.00 6 „® 5 
14.00 15.30 6 I 5 
15.30 17.10 4 I 5 
Oct. 25 10.00 13.50 CHERE AGI 08.00 08.30 fo) — 
13.50 16.30 3 2 i 
16.30 17.15 3 I 4 
Oct. 26 08.00 17.20 6 | fe) 5 13.00 15.00 I — 
II.20 13.00 Rain and cloud at site 17.30 17.45 I — 
13.00 15.00 6 Oo. 5 
15.00 17.30 Rain and cloud at site 
17.30 17-45 3 a 5 
Oct. 27 10.00 11.30 2 I I 11.30 13.40 4 E 
11.30 13.00 (ONE AT IN, Jae 13.40 15.00 2 —— 
13.00 14.00 4 2 I 15.00 15.20 I = 
14.00 15.00 6 I 5 15.20 16.00 (6) .—_ 
15.00 16.00 6 fe) 5 
Oct. 28 08.00 10.00 2 fe) 5 I1.I5 12.30 fe) = 
10.00 1250 6 fe) 5 12.30 15.00 I — 
12.30 14.00 6 i 5 15.00 17.00 fo) oo 
Oct. 29 11.30 13.45 4 2 3 13.30 18.00 6 _ 
13.45 16.45 obscd 2 4 
16.45 17.30 obscd fe) 3 
Oct, 30 10,00 10.45 (CALE AN lee 11.30 12.30 4 = 
10.45 11.45 3 2 I 12.30 1780 3 NE 
11.45 14.30 4 2 2 
14.30 17.30 4 I 3 
Oct. 31 10.45 11.30 ae Gare 09.00 17.00 5 Diverging 
11.30 15.00 3 4 
15.00 17.30 4 5 
Nov. I 09.00 11.30 CHIEZATR 09.00 17.00 5 Diverging 
11.30 12.30 3 2 2 
12.30 16.45 4 3 2 
16.45 17.00 2 I 2 
perenne et 72 EB —— ——— 
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Date 


Nov. 


Nov. 


Nov. 


Nov. 


Nov. 


Nov. 


Nov. 


Nov. 


Nov. 


Nov. 


Nov. 


Nov. 


Nov. 


2 


Io 


ET 


17 


13 


14 


Durs 


PHOTOGRAPHIC CLOUD OBSERVATIONS 


Table I (cont.) 
ee he sh ig at fs edt nn wu... 


Saddle Area (Camera I) 


Period of 
observation 

From To 

09.00 II.00 
II.00 12.15 
12.15 13.00 
13.00 13.40 
13.40 15.00 
15.00 17.00 
17.00 17.30 
09.00 14.30 
14.30 16.00 
TS ON 12.45 
12.45 17.00 
17.00 17.30 
08.00 17.00 
17.00 17.30 
07.30 10.00 
10.00 10.30 
10.30 13.00 
13.00 13.50 
12.00 17.10 
710 17.30 
07.30 10.00 
10.00 11.30 
II.30 15.00 
15.00 17.30 
07.30 09.00 
09.00 13.00 
13.00 17.00 
17.00 17.30 
07.30 08.00 
08.00 12.00 
11.30 12.30 
11.30 13.30 


Missing data 


11.00 16.20 
16.20 17.00 
10.30 12.00 
12.00 15.50 


4 
obscd 


4 
obscd 


Position 
of 


Top | Base 


CLEAR 
3 


NN HH HA 


3 


GABEN 
3 2 


CLEAR 
2 


West- 
ward 
extent 


Aah O1 Or R 


D 


D 


H 


Un BR 


nn 


Toward Hilo (Camera II) 


Period of 
observation Cloud 
type 

From | To 

09.00 12.30 4 
12.30 17.00 6 
17.00 17.30 4 
08.00 11.00 4 
II1.00 15.00 5 
08.00 11.00 4 
11.00 13.45 5 
13.45 17.15 6 
08.00 15.30 4 
15.30 17.30 5 
21,30 15.00 5 
Missing data 

Missing data 

Missing data 

Missing data 

Missing data 

11.00 17.00 5 
17.00 17.30 4 
08.00 11.30 4 
11.30 1730 5 
08.00 16.30 a 
16.30 17.30 3 
07.00 17.00 4 
17.00 17.30 5 


SE 
Diverging 


NE 
NE 


SE 
SE 


16.45 3 2 4 
ne Oe 
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Table I (cont.) 
Saddle Area (Camera I) Toward Hilo (Camera II) 
Period of Position Period of 
Date ; West- er1od © Move- 
observation of ward observation ues ment 
From To Top | Base tie From To A 
Nov. 16 10.00 10.30 © ERAGE: 07.00 12.00 4 SE 
| 
Nov. 19 11.00 13.00 CLEAR 11.00 17.30 5 Diverging 
15.00 16.30 CEE ANR 
Nov. 20 11.00 14.00 CAE ANR 07.00 II.00 5 — 
17.00 17.20 CAES ANR 
| 
Nov. 21 10.45 15.30 CEE AR 07.00 11.00 4 SE 
15.30 17.30 3 2 2 11.00 17530 5 SE 
Nov. 22 09.15 II.00 CHERE PASR: 08.00 11.30 5 E 
11.30 18.00 4 B 
Nov. 30 10.00 10.45 Rain and cloud at site Missing data 
10.45 17.20 3 2 5 
mecs? 16.00 17.00 Rain and cloud at site Missing data 
Déc II.10 15.00 6 fo) 5 Missing data 
15.00 16.00 6 I 5 
16.00 17.30 4 fo) 5 
Dec 10.30 11.30 3 I 5 Missing data 
11.30 17.00 3 | 2 3 | 


Notes: An entry of ‘‘6” under “Position of Top” means the angle of sight (elevation angle) to 
the cloud top was equal or greater than that to position 6. 
“Obscd” means the orographic cloud in the saddle was obscured by small cumuli drifting up the 


mountain toward the camera site. 


Cirrus was recorded by the cameras on 29 Oct., 4 Nov., 21 Nov., 22 Nov., 30 Nov., and 4 Dec. 


150th Meridian Time used throughout. 


percent of picture area covered by the oro- 
graphic cloud. The scheme is partially illus- 
trated by fig. 2, which represents the field of 
view of Camera II. Type 0, not shown in the 
diagram, was used to indicate conditions where 
the cloud top boundary extended above the 
top of the picture. Cloud base boundaries 
associated with Types o through 4 were 
generally at or below the land profile. Type 6 
was used to indicate a special situation charac- 
terized by weak and broken development of 
the orographic cloud and by small cumuli 
drifting up the mountain slopes toward the 
camera site. In general, lower type numbers 
reflect greater vertical and horizontal cloud 
development. 

During projection of the films taken with 
Camera I the direction of motion in the 
orographic cloud toward Hilo could sometimes 
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be estimated. Since the camera was pointed 
east-northeast, motion across the picture from 
right to left was recorded as southeast. Motions 
approximately toward the camera was re- 
corded as east or northeast. On some occasions 
characterized by Type 5 conditions, diverging 
motion was evident. In these cases it appeared 
that air in the cloud layer split as it approached 
the Island, flowing around Mauna Kea and 
Mauna Loa rather than ascending toward the 
saddle. 

Daily conditions and fluctuations in the 
windward orographic cloud were summarized 
following the classification system outlined 
above and are given in Table 1. Times of 
observations were listed separately for the 
regions covered by the two cameras due to 
the irregular operations of the latter. 


Rainfall Distribution during Project Shower” * 


During the period of Project Shower, a special 
network of raingages (dots on the rainfall maps) 
was established along the Kulani and Saddle roads 
on the Island of Hawaii. Data from these gages 
along with those obtained from the permanent 
network of raingages in the area were tabulated, 
giving daily amounts measured in each gage. 
. 1 Prepared by Wendell A. Mordy and Laurence E. 
Eber. 

? Published with the approval of the Director as 


Technical Paper No. 248 of the Pineapple Research 
Institute of Hawaii. 


Daily isohyetal maps were prepared and are 
shown here (fig. 1—24). For comparison with si- 
multaneous observations of other meteorological 
parameters on each of several days, designated “bud- 
get” days, the rainfall for a two or three hour 
interval was measured at the gages in the special 
network. These data were also tabulated and used 
in the preparation of special isohyetal maps (figs. 
25—28). 


—. 


RAINFALL IN INCHES 


22 OCT 1954 


RAINFALL IN INCHES 


° oe 24 OCT 1954 
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RAINFALL IN INCHES 


25 OCT 1954 


— 


RAINFALL IN INCHES 


26 OCT 


1954 


RAINFALL IN INCHES 


27 OCT 1954 


RAINFALL IN INCHES 
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RAINFALL IN INCHES 


3 NOV 1954 
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RAINFALL IN INCHES 


7 NOV 1954 


RAINFALL IN INCHES 


8 NOV 1954 
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5 NOV 1954 
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RAINFALL IN INCHES 


28 NOV 1954 
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29 NOV 1954 30 NOV 1954 
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à a RAINFALL IN INCHES 


| DEC 1954 2 DEC 1954 
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RAINFALL IN INCHES = 5 RAINFALL IN INCHES 


3 DEC 1954 Lu : . . 4 DEC 1954 


RAINFALL IN INCHES 


BUDGET PERIOD | 


= RAINFALL IN INCHES | 


EN BUDGET PERIOD 


30 NOV 1954 


7 NOV 1954 | 


RAINFALL IN INCHES 
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